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A STUDY OF HEAVY-HEAVY NUCLEAR REACTIONS
This report includes the progress of research in the study of determination
of the reaction products in high energy collisions and of the atmospheric trans-
port of particles such as protons, neutrons and other nucleons.
R
Dr. Joshi, research assistant professor, has submitted two articles on
Magnetic Moments of Charmed Baryons for possible publication in Physical Review
(see Attachments 1 and 2).
Mr. Chris Costner, graduate research assistant, and Mr. John W. Wilson,
technical monitor of this project, have been successful in obtaining total
cross sections which are required for cosmic heavy ion transport and shielding
studies (see attachment 3).
Mr. John W. Wilson, technical monitor, and Dr. G. S. Kbandelwal, principal
	 y
i
investigator, have obtained close parameter values for Rad and Rem dose deposi-
tion functions in tissue for high energy protons (up to 10 GeV),	 Their results
are given in the table on the following page.
Work is now in progress on various extensions, modifications, and refine-
31i
ments of the above mentioned results in collaboration with Mr. Wilson.
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TABLE
Parameter Values for Rad and Rem Dose Deposition Functions
E, MeV
Rad Rem
al a2 a3 al a2 a3	 .
50* 1.069 --- 1.60 (-1) 1.480 - -- 2.00 (-3)
100 1.119 --- 9,96 (-2) 1.500.. - -- 1.00 (-2)
200 1.190 --- 4.38 (-2) 1,554 -- 7.29 (-2)
300 1.220 - -- 3.14 (-2) 1:680 - -- 4.08 (-2)
400 1,240 --- 2.28 (-2) 1,770 - -- 3.05 (-2)
730 1,400 5,0 -5 1,50 (-2) 3.210 1.7 4 1,77 (-2)
1,000* 1,45 4.0 -4 1.28 2 4.300 9.4 r4 1,50 -2
1,500 1,595 1.9 -3 1.13 ^2 5.200 2,9 -3 1.20 -2
3,000 1.708 2.0 -3 6.1.4 -3 5.350
 3,0 -, 3 6.44 -3
10,000 1,800 2,1 3 2.30 3 5.600 3.1 --3 2,39 -3
* Values obtained by- extrapolation or interpolation
F(E,t) = (a l + a4t + a2 t2) exp (-a3t)
a4 = r exp(a3r) - rl a2r
d
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Abstract
The magnetic moments of all baryons belonging to the totally symmetric
20 — representation, the mixed symmetry 22 1 — representation and the totally
antisymmetria 4 — representation have been comp=gyred under L e U(4) and -the ST(4)
sJTmi etry separately. For the 20 1 — representation -the usual, results of the SUN
symmetry remains unchanged except the relation. p( A O )	 ^-L (E °} . This result
is :.o more valid in U(4). In SU(4) , an interesting new relation results, which is
/I. (p) _ -- }u(n) . The magnetic moments of all charmed particles have been expressed
in terms of the moments of proton , neutron and lambda—particles in the U(4) symmet-
whereas in SU(4) all moments can be expressed in -terms of just the proton and the
lambda particle magnetic moments.
i
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I. Introduction
The recent discover,, of the 2+1 -particles 1 has Lead to the renewed
interest of introducing a new quark c with charmed quantum number 1 , in addition
to the three quarks , a pair u and d, the isotopic s pin doublet and s , an isotopic
spin singlet with charm assignment zero. The 41- particle is assumed to. be the
quark-anti j1ark , cc. combination and a vector meson with associated quantum numbers,
T = lr . The introduction of c as an additional quark, with isotopic spin I = 0,
and hypercharge Y = - 2/3', has lead to the renewed interest in extending the SUN
symmetry classification to SU(4), , a theory . in which four quarks have to,play the
fundamental role in the reproduction of the other particles that appear in nature.
5!1;eSU(4) - group 2 for the classification of the fundamental. particles
has been suggested earlier by Glashow, Iliopoulos and Maiani 3 , to eliminate the
stra.nness nonconserving neutral currents. In this model ,•a large number of new
charged particles shot up , in addition to the usual noncharmed particles. *In strong-
interaction , the char- quantum number is supposed to be stricly conserved. As
.	 -	 a
soon as the discovery of the ^-- particle has been announced , a large. number of
4explanations on the nature of the particle have been proposed 	 Based on the SU(4)
model Borchardt, Plathur and Okubo 5 proposed that 	 -particle is cc - state and
suggested an extension of -the Gell-Mann - Nishi -ima formula as follows
Q - IZ + -- + C	 ... (1)
i
The quantum nu.-aber G in (1) stands for the charm of the particles which
is assumed to be zero for all particles known until now. In the quark model, for the
u-', d- and s-quarks we assume C = 0 and the C value of the fourth quark to be one-
1rhe assignment of the other quantum numbers are to be done according to the fractions
scheme of Glashow,'Iliopoulos and Maiani 3. We also assume here that all the baryons
-^	 e	 aare obtained by the combination of qqq , wh re q is q
A large number of experinentU and theoretical works since then have been
carried out . Assuming that the SUN classification would snow tin a promising
future, we have decided to calculate the magnetic moments of the barons in light
i
2
of the U(4) and SU(4) s.,rametry.
The calculation of the magnetic moments for the SUN baryon octets -has
-been done by Gla:show and Coleman 7 . Okuho II'has also shown that the same results
could be reproduced from a very general consideration of the transformation property
property of the charge operator. Afterwards Okubo pas indicated how the higher order
correction to the moments, assuming more com plex magnetic moment operator, could. be
obtained. Amore general . formulation can also be found in the pa per of Posen 10
who gave a close form of the magnetic moment o perator in terms df the U-spin and. the .
charge of the particles.
	
All these calculations  hay
.
e been very much improved by- extending
 the syrmnetry
	
4
group to SU(6) , with the inclusion of intrinsic spin of the particles. Beg, Lee and
Pais ll assumed' that the baryon octets and the decouplets belong to the 56 - dimensional:
representation * of SU(6) and -the magnetic moment . opera.tor transforms Pike- a (8 	 -
member of the .35 - representation. Their results gave us the ratio 'JA(n) f (n)==3/^
Thirring 12 also obtained the same results straightforwardl;r, from the quark model.
by vectorially adding the magnetic moments of the quarks which constitute the particle
concerned.	 s
We in a sequence of two papers would like at first to extend thz; calculations
of SUN to that of U(4) and SUN . Then enlarging the group to U(8) or SU(8), we
would like to find out the magnetic moments of the charred particles. In this paper,
we would restrict ourselves to the smaller groups U(4) and SU(4). In section II,
we would discuss the U(4) classification and introduce the conventional nomenclatures.
We also would write down the corresponding baryon states with the help of a tensor
B P 13. In section III, we would construct very general currents 14 , which
F
appears in a magnetic moment tensor. In section IV , we would obtain the magnetic
	 t
1
moments, assuming the U(4) sy-metry. In section V , we would indicate what modifications;
results when we go over to the SU(4) syLimetry from the U(4). In section VI, we would
	 l 4
discuss the general aspects of the results obtained.
}	 II. U(4) Classification of Baryons
4:.
4	 The bar*jons •are to be obtained by the combination of three quarks'
qqq In terms of the irreducible representation of U(4) , we know,.
4 O ;{ a 4 - 20 + 2X20' + 4	 .. (2)
where 20 is the dimension of the completely symmetric representation associated with.
the Young's tableaux ACID
	
; 20' is the dimension of the representation of mixed
symmetry .. 13	 and 4 is the dimension . of the totally antisym •netric representation
associated-with
On the other hand if we express 20 multiplet in. terms of SUN ^ c
indices :, we find,
20- _ (10, 0 )
. 
+.(6, 1 ) + (3, ?) + (1 , ' 3) ,	 ••(3)
k	
where (m, n) indicates .m-dimensional SUN - multiplet • wiith a charm quantum number
n. Similarly for: 20!., we get, 	
J
20 = (8, 0)	 + (6, 1) + (j, 1) + (3, 2)..	 ..(4)
In the equation (4) , (3, 1) represents ^con^ragradient triplet states with charm
EEr
quantum number 1 The multiplet is given by
The baryon wavefunction for the 20 - representation can be.exoressed in terms of
F	 the U(4) indices by a totally symmetric tensor B^ jr which is normalized to the 	 }
w
4number of particles in the multiplet. The tensor 	 DP?	 can be expressed in terns
•
of the SUN nultiplets as follows:
Ili
B20
	
Si	 ,^j	 s ( 	si	 s j	 ^4	 4	 i	 j	 i	 4k	 1 	 j	 1
P dij	 +	 Y`	 v	 P. +	 b ^` S y	 P + 	S	 S v	 P)s
r
1	 i	 4	 4	 4	 ^i	 4	 4'	 4	 i	 :#(2)+--(	 S	 ^ y S ^	 +	 ^ ^ ^y b p+	 S ^ ^^^p)T i
•
+	 S4 	
y	
-4^ . S
	
(3)o 	
.. (6)
In the above expression	 dijk	 represents the decounlets of SUN and the.
indices	 i', j -and k	 only run from 1 • through 3 , whereas	 rµ , 3J	 and p	 run from .
1 through 4.	 S 
J(1,	
reoresents the sextuplet chasm one baryons and is totally
symmetric in i and j. The states T.1 	are the SU(3) triplets, with charm quantum
number 2. The.state 	 So (3)	 is the (1,3) state of the equation (3) 
15
Similarly we find for 2091.
20 t
E	 P	
-	 S1	 S y _ .	 + 1 (	 S l	 S iy S4
-	
G p	 Sip 5 4 ) s^l)} L	 f f`tik} j	 ij
i
r + 1
	 (2	 1°i l	S4^	 Si? +	 S4	 Si	 S	 —	 S	 S °) T( ^
3
2
In the above expression, whenever we have nut two indices within the curly brackets
E
r
	i	
5
the terms are antisy=etric with res pect to those indices: Here again the Greek indict
run from 1 through 4 , whereas the Latin indices run from 1 through 3. The symbols
N ik , S^1^ , T(1) and T 2) stand fora baryon octet , a sextuplet with charm 1,
{ j j	 ij	 jij^ '	 z	 l
a contragradient triplet with charm 1 and a triplet with charm 2' respectively. The
ba -jon octet. can be expressed in -terms' of the wellknown 'symbol N1 by the formula
	 j
N 2	 1	 ailjikj j	 ik). j	 .. (?a)C2
Here 
Eijk is the Levi—Civita totally antisymmetric tensor in three dimension.
Finally for the baryon 4 — rraltiplet , we can write
1	 Si ^^^ .Sk' E
	 Sot.	 (g)+	 µ	 ijk
	
..
(l)^	 o•
where 
TIiJI 
stands for the charm one contra-triplet and S is the singlet
With charm zero.
Here	 we	 would' exclusiv.ely	 follow the identification of the
	
w	 particles as introduced by Gaillard , Lee and Rosner 2 Thus for the sextuplet
belonging -to the 20'— representation, we define
r
	
S(l)^1)	 1	 S^(1) C'oiz	 1	 '	 12r^
	
22	 1t
S(1)	 S'k(1),	 9a
	
_	 )13	 23	
C2
•.
and	 S
33
^1
t6
Far the triplet members, (3, 2) , of the 20 — re presentation, we identify
the particles as
Xu	 (2).= d and	 .T3^2) = Xs	 .. (9b)
7%e newbaryons belonging to 20' representation, the members of the
sextuplet. S	 (6 1 ).
 
} are given b;4 the equations (9a) just
 by dropping the
asterisks. Similarly the multiplets (3,2) of the 20 1— representation is given by
the equations (9b), where we have also to drop the asterisks. For the mul.tiplet
(3y 1) ve write
{	 - ..	 (1} _ 1 C+	 T(1}	 1 Ao^l 	 T 	 1. A}
^121	 0.	 J231 • • (9^}
F3r (3,_l) belong ng to 4 ,.we go over'to the, particles by'adding a 	 !
'	 prime (') to the relations,in the equation (9c).'
i^
k
z
•7
•	 j
{
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III Most General Currents
In calculating magnetic moment coming from -the first order electromagnetmc
f
f
u 14
interaction , ne need to constuct the most• genera- current tensors	 J K 	with
the help of the multiplet wavefunctions
	
B given b,r the equations (6) , (7).and
(8). For 20 - representat ion., the most general current that we can fora. s
J .(D)^o B	 P	 B	 ^,	 + go	 s K	 B B>	.. (10)
where	 and, g	 are two arbitrary constants and' . 	B`	 stands for the
_	
o	 o	 >20
trace of the tensor defined as follows:
pi)f	 20<Il B>20 = B^	 B yP 	 ..(10a)-
So far we have	 only considered the representation to be in TI(4) 	 If
we want to restrict the particle wavefunctions to'be in S0(4)	 the 'trace nf'J(A) K.
rust vanish, yielding the condition,
^o	 + 4 go 	 -	 ..(11)
The most general. current J(N) ' that can be constructed with the tensors,
B	 and B	 belonging	 20 1 - representation is given by
IV
t J(t4)^`K -
	
DA	 G oc,	 (12)
where
i{	 _	 tAPI)	 20'	 '	 Sa '	 20'DK--	
al20'	 B^xp^u+	 a2
 B^,^8 ?^ z^	 + a3	 BG^6JP B £x43,s
.
r	 20'
+ b1 ^	 B{,^K+ b2 B	 BPvJ x + b3	 B20^3	 B •£ KP3
+ c	 B {F+P3 ^• B^ ' P+ 	 c2 B20j^B2ox1	 20	 ?; + c3 • B20 	.B^yKYp	 3
.:	 .
r
and	 G a is an. expression obtained from D K 	 by setting	 _ .^c.	 _
replacing. the constants - a., bi and c. s ' by new constants	 a3. j bi	 and c -s. .
ollowing symmetry. relationsBy using the f 	 s
20	 20	 20'
°	 20'	 2WB 	 _ - B^^^
kppj 	20'	 1004"	 20
B20'	 Bipilx	 _	 — 2X
20 ,	 B ,^P^ ,^ .. 16t
Jigs. 20120,B(.P9f` B
B20 	 B £P'7]x• _
	
20'	 ^X?33>
..17
we can simplify the equation (12) into a ver:r convenient foxes. 'ife should notice that
equation (15) and (16) are the outcome of the equations (13) and (14)	 Ile, finally
get
}	
-	
j)- ^^	 20'PP l^ 20'	 K	 ^ap^
J(N) ^`	 _	 B	 B	 +	 BB+	 g S	 E20 1 ^e	 20'	 { ►cod	 201 €x?^	 x
20
B	 g
w	 x	 y F
n
µ	 + gy	 B201^dp^
I
A
9J.
Y.
If we require that instead of .U(4) , the symmetry should be SUM , thets
the current J(N) 14 should be traceless. Hence the tracelessness condition subjects
the constants to the restriction
Y,	
... l
r	
.
where
.	 l
ga.	 gZ — 
2r g9
	 x..(20).
Similarly for the representation 4 , which is totally antisymidetri.c, the current-
tensor
J(A) K_ !'I B^f'vP^ B4:
	 + 1: 8A <11	 .B 4	 .(21)
where again	 l and gl are two arbitra ?,r constants and
<B B>
44
	 B4 yP	 ...(22)
The SU(4) limit leads us to a c.onstraiit in the constants= 	 l' and gi
 as expressed=
by the following equation
4g	 0
In the next section we would use the currents in the equation (10), (18) and (21)
to obtain the magnetic moments.
I
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YY Magnetic Moments in U(4)
As shown by Glasho' and 'Coleman 3
	
sr	 that the magnetic moment for	 a
baryons can be obtained by forming the trace of BBQ in all possible contraction,
-_	
where Q is the.charge operator-, a 4 x_ 4 matrix and,can•be written as
.(21)
where q1 = q4	 .2/3 and q2 	q3 = -1/3 , are the- charges of the quarks. We
follow Okubo et al's 5 prescription of the charge o perator as. given by the equation
We assume that for a low noaentum case-the expectation value of the
magnetic moment ooerator'is proportional to .	-	 -
	
J(X) Q	 ... (22)
where X stands for either D. N or A We. 	 have altogether suppressed the SP part.-
of the magnetic moment as a first approximation.
A. 20- representation.
of the -0	 on-representati, we find using equation
	
For (10,0) members	 s
(6)	 (10) and (25) thr.t
G	 fl (^	 ) - 2	 o + 3 go ft o +_3  go.3
t	 (26)
010 _	 2 	 1 23 go 	 (N	 l o } 3 go
zi
a,
11
and
	
-
A	
(Y,*")_^	 ^) _	 (o)
tx
	
..27)
-	 For- sextuplet. (6,1)
Simiiarly for the triplet (3, 2)
it
ti	 For the singlet (1,3) ( identifying S^, N= R	 we find
I.
`	 B. 20' representation
^to
If we now go 20 1 - representation and use the equations (7), (18) and'
(25), the magneticmoments of the bax-jon octet (8, 0) come out to be
S	 y	 3 go
_rj
12
a
{n)	 ('°' o )	 - 3	 x + 3	 y ^'
_737 go ...(31b)
x' Y	 3 0
.
{) —	 12	 a + 12	 y	 3 go ...(31.d"r
The transition moments are given by
-zo >J z	 Y ^^(e
•	 .. 4^3	 . ; . 4^ .
If we compare these iesults with UN results as quoted by Okubo g, we
find the unchanged relations are
i
and(
	 J	 (	 —}	 = 2 /A(	 o) •'•(3^^^
However we should notice that
t^
in U(4) in contrast to the result	 M (t o )	 - }t (	 o ) in U(3).
r13
For the charmed sextuplet 	 (6, •1)
++;1u .(c1 1 2	 1	 2 .
-	 3 f` X 	 s /u'	 + 3 0 ... (32a)
/A(C1 1 — / (S 1	 12 f^'x — 12	 y + 3 go •...(	 2b)
and	 (Cl)• =	 (So^	 _	 (^^}	 _ / (n) .;.(32c)-
In terms of
	 /-4(p)	 , A(n)	 and 1A ( Ao), we can write
(CZ I =	 2 /A (p) 	 +	 5 JI-A, (n)	 — 6 r 	 ( A O). ...(32a)
and
t^
'	 (C11 —	 (p)	 + j	 (n)	 — 3(mo 0 } ,..(32e) '
For the charmed baryon triplet (3, 2) , we find
X+ (CZ) ...(33a)
P (dal . (Xi, )	 _	 !	 (P). - . .(33b) 
If we now go over to the contragradieni baryon triplet {3 , _lV we
find
r	
` (Co)t 1A (A*)	 -	 4•	 x	 4	 y .+ 3 o	 ...(34a)
}
x	
—	 P y
	
F. 
3 go .!(34b)
11
Expressing (34a)	 and (34b)	 in terms of proton, neutron and lambda particle magnetic..
k	 ;' moments, we find
fit" (Oo) .: _
	
(P)	 s• f^ (n)	 — ^` (/^ 0)	 .(34c
is •  .	 .
and	 (Ao)	 -	
— 3)U (n)	 + 4P(
	 o )	 • (34d)
Due to the degeneracy of quantum numbers of some baryon sextuplet -
_articles with
the contragradient triplets, we find that transition magnetic moments appear between
sextuplet	 and triplet particles. The results come out to be the followings:
_	 Cl I	
.	 _	 _	
Co	 I C1C	 CO?► ^
0	 0, >
C. 4 = reoresentation
- For the* particles belonging to.the totally antis;jmnetric representation
4 , the magnetic momenta for the contragradient triplets' can be found out using'
equations (8) , (21) , and (25.)
	
We get for the contragradient charmed' triplets
E ...(36a)3 gl
and	 (A' })	
_	 (^o J	 3	 1	 +	 3 gl	... (36b)
For the singlet (1,0) we get
•
s
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Y SU(4) Magnetic Moments
-The SU(4) constraints (11), (l9) and (23) introduce some modifications
n	 in the results of-Ii(4) magnetic moments quoted in.the.sectionIV.
A. 20 repzesentation
Here we find for (10, 0) member 	 {
3	 +) _ — 3 (N°) 	 2	 o	 .'(38a)(  
3(Y } ) _— 3(Yo") ._ (Yy) — 2	 o ..(38b)
and 2. 	 o .	 . (38d)
Strictly sneaking, the new relations which are absolutely due to the tracelessness-
are .quoted in.the equations (38a) through (32d) The other equalities like
W+) _
	
(Y +) , P(N	 ) _ 1A 	 o ) .. =/ • (.- o) and	 -;,(N	 )	 f-' (y ` —) i= .
UL ), follow also from U(4) consideration.
Fbr the sextuplet (6,1) , ' the relations given in.the equation (28) remain
unchanged. However due to,the equation (38a), we get a new relation ship
Cl( 	 = 3 At ( Ol	 3 / (C' 	 2	 o	 ,.(39)
•
Y
r	 .
I	 I	 I
16
For the triulet'(3,2)., the equations (29) remains also unchanged, however
due to (38a) , we get
•(xu	 1	 3 ^e (^d *) _ 2	 fit. o .. (^,0)
For the singlet (1, 3) , naturall. the equation (30) stars unchanged.'
B.. 24 1 .— representation
	 -
The restriction , relation (19) , now does not change the equations (31f) .
• through (31h). We get however an altogether new relationship between.the magnetic
moments
	 of the proton and the neutron as follows:
3
This result is quite an improvemnt . over. the Su(3). result,. where they are- completely
unrelated.
	
-
For the sextuplet, we get:
^u- (C 	 z	 -	 4 ' ^^' ..(42a)..
(Cl)	
r
..(42b)z
whereas (32c) stays completely unaltered. The equations(32d) and (32e) due to
a.
the equation (41) reduces to
4+
	 -• 3 ')U (n)	 - 6	 ( A o) ..(43a)	 ;:
T
S
17
r` and
J014 (C
The triplet (3,2)
	
magnetic moments given by the equations (33a) * and (33b)
C do not chance at all.
t
The contragradient triplet (3,1) 	 magnetic.-moment relation (340 changes
into .
^= (Co)	 P 6!) _-.	 (1^°) 
- i2/x - 6 ••(44)'
x
y
whereas the relation (34d) remains.uncb~nged.
a FiAally, the transition moment relation (35) betn the se tuplet-
and ` the 'contragradient*	 tri-ol'et- particles -staTj s unchanged.
q
C.	 -- representation l
•	 Due to_the relation (23) , the eauations (3ba) ', (36b) and (35) modify
into
h^ o 6	 1
F
R
i
^+	 •	
18	
,
a
VI Concluding Remar`ks
	 {
We have calculated the.magnetic moments in the low frequency limit, in U:
arcl SU(4),assuming, that the magnetic momeat'operator is proportional to-the char
operator The expectation value of the magnetic moment could thus be written as
in the equation (25).-This equation finally has produced the results quoted in.tha'
sections IV and V. Almost all -results of U{3) have been reproduced in U(4). The
only-different result U (4) yields -is
If we now go over to SUM magnetic moments, we obtain a very interesti=
result, namely,. U (p) _ — 'l-t(n) ' . We have also derived the magnetic moments of a
s
new charmed baryons in terms of the magnetic moments of the proton , the neutron
and /^°— particle in the 20 1— representation and.in terms of the magnetic•mocrtents
Of the N 3^—s in the 20 -•^ 'representation,. for both_ -U(4) and SU(4) symmetries:
`
	
	
'In a separate paper we would show! , hew the results of SU(4) can be exte=
for-the case U(8) or SU(8).
h
yj
t
k
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E, MAGNETIC	 I:OP ENTS OF CLULNIED	 BARYONS II
Assuming that the magnetic moment operator is a tensor transforming as
the 15 3) — member of the U(8) or the SU(8) representation, we have compared the
magnetic moments of all the baryons belonging to the 120 — representation. The
moments of the conventional particles like the SU(3) decouplets or octets stay
unchanged. The charmed bax-,ion moments are expressed in terms of the magnetic
moment of the proton.
a
.	
-	 1
Yr
I Introduction'
In a recent paper 1 the authors calculated the magnetic moments of the
charmed baryons assuming that the magnetic moment operator transforms as the charge
operator in the U(4) and the SU(4 ) symmetry. We have suppressed there the intrinsic
spin of the particles
	
as a first step.$owever, more realistic annroach 	 would be
to incorporate	 the intrinsic spin of the particles.
It is wellknown that similar extensions have been achieved earlier, when_
2
Giarsey and Radicati and independently Sakita	 first proposed to • extend SU(3), the
/gi.ve
internal symmetry group, into SU(6) to/ every -particle 	 in this classification 	 a
definite spin. It has been found out by Pais 4 that SU(6) gives the correct D/F
ratio for the baryon current. Taking this group as the basis of the baryon. classificati= ,
I
Beg, ,Lee and Pais	 3 calculated the magnetic moments	 of the basic baryons belonging
to the 56 — re presentation. They conjectured there that the magnetic moment operator
transforms as(8,3) member of the 5- representation	 and obtained in the effective
low frequency limit the electromagnetiL moments	 of all the particles 	 in terms of the
magnetic moment of the proton.
A
With	 the discovery	 of	 — particles 5.,	 many physicists are hoping
that more charmed particles are about to emerge. The enlarged group Stl(4) 6 , with
a fourth quark c , it is hoped , should enable us to explain many previously
unanswered	 questions, and all the recent particles showering	 in as the new
discoveries.
in
There are already suggestions 7 put forward to extend the SU(4) symmetry
to SU(8)i to incorp6rate the intrinsic spin of the -particles. This group has been
used to deduce the spin dependent mass equations to predict the masses of the cha*=ed
baryons.
In. our woVic•, we have assumed that the classification is given by U(8)—
representation. As an extension of the work of Beg , Lee and Pais 3, we have assumed
that the magnetic moment operator transforms as the (15, 3) member of the
representation (Young's tableaux specification (2111111) 	 The magnetic moments
are finally expressed in terms of the magnetic moment of the proton.
In section II-, we have constructed a tensor BABC which should renrese'nt
the group of particles given by 20 representation of U(4) with spin 3/2 and the
20 1 — representation with spin 1/2. In section II we have constructed the most
general currents We have evaluated the magnetic moments in section IV. In section V
we have discussed our results.
I	 I I	 j	 I^ ^^
II. U(8) or SU(8) Classifications of the Baryons
The enlargement from U(4) to U(8) group hermits us to place both 20 and
2o^ representatiow of U(4) into the same irreducible re presentation 120 of U(8).
The representation 120 is totally symmetric in terms of the tensor indices and can
be designated by the Young's tableaux ODD 	 If we now express 120 in terms
of the U(4) 1' SU(2) indices , where SU(2) should be the group of the intrinsic
spin of the particles , we find
126	 C20
The symbol (m n) now stands fora m -dimensional multiplet under U(4)
or SU(4) classification and simultaneously the multiplet is also n-dimensional
SUN representation. Thus the 120 multiplet stands for 20 -_U(4) totally symmetric
spill 3/2 and 20' shin V2 with U(4) mixed symmetry particles.
We are aware of the fact that the totally symmetric representation as
that of equation (1) has the intrinsic problem of statistics To im prove the	 3
situation we have to introduce different colored quarks as suggested by Gell-Mann 8.
i
However we would not bother ourselves with such questions. This may be considered
1
`	 in future extension of the calculation where one includes also the colored quarks.
The totally symmetric tensor which represents the 120 - multiplet is
a given by BABA 	, where A, 
,
B and C stand for the pairs (), A , a)j , (P , b) and
(P , c) respectively. The Greek indices stand for the U(4) labeling , all of
which run from 1 through 4 , whereas a t b , c etc are used to express the SU(2) 4.
labeling which run from 1 to 2. We would use for UN or SUN . the labeling
i j, k etc. which run from 1 through 3. The baryon multiplets are now given by
	BABC	 B	 abe
	
20 1 	 0 120
B
	
PVF abc +	 B3	 ab X C	 C- bJd B
20
	
ca b	 f,^ ,yB Yff	 ...(2)
In the equation (2) we have put for • 20 representation,
	
20	 k	 4	 4 Si 	 Si 4 id	 1ijk + 43-	 +	 S"'t•
	
i 64	 4	 4 i S4	 S4	 T^ (2)+
	
	
+	 S
4
o S3
I-F3
. 4
 s4 	 4	 41(3)
	
S	
- (3)o
The detailed explanation of the symbols in equation (3) can be found in part one of
+	 .	 1109
op	the present work 1 . The quantity B 
4	 is the baryon mixed tensor and is givent
by
20 1 
	
k	
+
1 S4 ) S (l)B 1.0= si
	
jikj J
	 F2
g`
4
P TX
{
P
FJ Again	 for the detailed explanation of the symbols see the earlier paper CJ I 1 . In
the equation (2) the state s• x abc	 stands for totally symmetric SU(2) tensor
representing	 3/2 - spin states normalized to 4 , the dimension of the representation
( see also Beg et al 3)	 We can write
is
J^ 111 _ u3/2	 '	 112	 .f3 u1/2	 '	 122	
- 43-u .1/2'1
and
	 222	 - "L3/2
where u	 s are the i=th coin states. The symbol x 	 stands for spin half statesi
and is also normalized to the value 2 , the total number of the states 	 We set
^1_	
v112	
and2	 =	
v 1/2 	 ^^(6).
Again	 v. -sare the i-th	 spin states. In equation (4)E ab	is the Levi-Civita
symbol in two dimension.
The SUM classification is exactly similar and keeps everything
w
discussed uptil now unchanged. We have just toremember that in contrast to U(8),
` the mixed tensors	 T	 has to be traceless in	 SUM. rzz
-
III Current Tensor
We can now construct the most general mixed tensor, which we would call
the current tensor by contracting just a pair of B and B We find due to the
symmetry of the indices of B 1 it is given by
JA' —
	
BVBC B
	 + g 
S A' BDBC B
	 (7}`	 tc
o	 ABC	 o	 A	 DBC	 • • .
,.	 where	 ^j A	 S K ,:s d	 ...(7a)
Substituting the expression of the tensor B from equation (2) into the
equation (7), we obtain
JA. = JAS (20 20) + JAS (20 20') + JA (20',.20) + JA x (20' 20 1 ) .:.(
A	 '	 A	 '	 A	 A
t
	
	
where T-A(m , n) means terms in which B m Bn appears with m and n being the
dimensionality of the of the U(4) — representation. The first term comes strai6ht-
t,	
forwardly as
G	 i'
T-^ (20 20)	 1 S a
 ^C^	 B
	
B^	 +' 2 g 	 <—A	 '	 2	 d<	 312	 0 20	 Kvp	 o y: B B>20
7
1
x,	
+ 2
	
d'^}3/2 f-Zo B20 	 B^p	 (4)
4
To obtain the final form of the equation (9) , we have used the abbreviations
1
r7
i
/	 312	 -	 bc	
a c\	 b
4
B B>^ 	 = BAP	 Bap	...(11)
i;
f and
.,.	 12
3/2	 a	 dbc
They have been introduced by using the following identity:
-^ a	 -3 c	 a	 c	 -	 a	 c.
	
10- 	. d- d	 2=	 S d	 S b	 S b	 S d ...	 3).b
In actuality we have expressed	 JgA(20, 20)	 in terms of two terms , the first part
being C-1-5 +.1, 1) member of the	 - representation	 and the second being	 (15, 3)-
member	 of the same.
tt
-
Using the s,,pmnetry relation mentioned in the paver CJ-I( the equations (14)
through (17) there) , we find,
_ {PPJP	 ^^'^ 1	 B20-&20'
	 B
B
A s
	
=	
1 •	 a	 " x
	
20'	 txP3	 20'	 {3CP}	 ; .z;
-	 S	 x	 x, 20)	
o
d <	 >1^2A	 3
_	 B20 1
	
B20'	 (14)...(1
	
.+ 2 os K	 II20
	
B€aP}^
./Ao	 201	 201
<	 >129	 b	 201	 20 xQ3
ka	 8
'k
We should notice that the second term in (14) does not have any go dependence Such
y	 term vanishes due to the tracelessness of p' 	 j
k
For the cross currents we find,
0	 a	 Px (2'0 20 = 1 -^	 Qom" x	 By Bit ...(15)A ''	 3	 .d < 3/2	 1/2> 20
and
a	 vTA'(Z1 20)
	
<%
	3/^	 P
In the Equations (15) and (16), we have used the abbreviations
abc ,^ d
3/2	 l/ >
and
_	 3
_	
ab c	 d
1/2	 3/2>	 I a	 dbc	 ...(18)
It is worthwhile to notice that both T A(M ' 20 1 ) and T-A(Z I , 20)
r
are traceless. On the other hand only the second terms of the currents 	 (20,20)
and JA' (20', 20') are traceless. We should not be surprised by this outcome,
because we are expressing U(8) multiplets in terns of the U(4) and the 9U(2)	 l
contents and since the expressions like Q" -s are traceless , we are automaticall^T
led to such results. More generally , however, out of the equation (7) we would
get the condition of tracelessness as
s	
+ 8
	
0g	 ...
o	 o
i
n
F
F
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IV Magnetic Moments
3
As Beg , Lee and Pais have done , we 'would similarly make the assumption
that the magnetic moment operator transforms Like a (1,^ , 3) member of a	 —
,t	
representation of U(3). Under this assum ption , the effective low frequency limit
of the electromagnetic vertex of the baryons may be written as
4	 V=	 I	 e	 Sd + m	 (r	 n	 Q K	 ... (20)A	 o	 a	 °	 a
where a	 and m are two.arbitrary constants	 and	 n_ = q x E	 , q being
o	 0
the momentum of the baryon and	 E	 is'a polarization vector perpendicular to q
We have intentionall y kept the constants eo , W
o
 , "o and go	{ the last two -
,. appearing in dAA } arbitrary. In equation (20), 	 is the electrostatic potential.
-
If we write the component of the equation 	 (20) which contributes to the
magnetic moments as	 M(m , n)
	
between the n and m dimensional representations
belonging to U(4) , we find
M(20, 20) mo n	 <x.0" >3^2	 B	 P
^
B20 P Q	 ...(21)
o
to
Al(20' , 20 1 )	 _ -- 2	 m	 n	 ^C	 tBB20>1/220
v	 ,+ 5 B ^CP l B20	 (22)P	 20	 Po	 o i
t
,t
i M(2M,	 20') 2
	 l-	 a
=	 fi	 mo	 n . \	 3^2Q" x V
^vP	 x
Q
	
w.(2 
	
1;B20
	
BS	 o x^^P
$•. turd_M(20', 20)
2.. 	
/'y'
	
'XI/2=	 mo 	n . \. _1^2	 >ff
r^^^^P	
20	
K
B20'	 B xyP	 Q	 ..(24}zr S	 o
Y
LJ ••;,
rt
1	 I	 i
11
Let us now write,for the expectation values of the magnetic moment
fi
', ?	 of a particle X between the maximum z-component of the shin, LC(X) ; that is,
^C (X)	 X; J, Z= J I M I X ; J, iz= • J^	 ...(25a)
For the transition magnetic moment between X and Y , assuming X belongs to 201-
representation and Y to 20 - representation , we would invite
"	 Y I	 , X	 = Y Z , 2 N (X ; 2', 2>	 ...(25b)-<> <	 I
Then we can find out all the magnetic moments and the transition moments by using
the equations (21) through (24).
6
A. 20 - representation .
We find, for the (10,0) members,
2 /L	 ++) - )4(N") _
	 (Y-"'!, - - ( N* -) y _ (Y. -).
{
and
For the sextuplet (6,1) members ,•we get,
F'	
2 I (Cl )	 ^(C
	
A (p)
	
...(27a)
and
F i o ) - I(5* °) _	 (T o ) - 0	 ...(27b)p
if	
'
For the triplet (3,2) particles , we find,
++)(xa ^) _ / (Xs + 	 (P)	 ...(28)	 1
Finally for the singlet (1, 3) , , we have,
r,
2	
(R* ++)
	
_ 19(P)	 :..(29)
We can easily notice that the magnetic moments satisfy the relation,
	
t 	 .
	
20tX) = 4
X
 -/4 	 ...(30)
i,	 B. 20 1 - renresentation
For the baryon octets (S ' 	, we get,
2 2	
•.
We find for the sextuplet (6,1) particles
2	 ++
3	 /A (Cl )	 =
3
2 ^
0	 3	 3(Cl )	 _ - 2	 !"^ (50 )	 _ - 2 µ (Te )I =^ (P)	 ... (32a)	 i
aria
(Cl) A (g+)	 0 .(32b) 
For the contragradient tripl et. (-	 the moments are given b3, 1)	 ,	 ^•	 Y, r.
(Co)	 _ (A+) _	 (A^)	 =	 3	 (p) ...(33)	 k
;^ t
^3 .
.	
C
For the triplet (3,2) , we have,
2	 (Xu) 	 (Xd) =	 (Xs) 	 (P)	 ...(34)
1
1
Finally
 the nonvanishi transition moments within .this multi let witI	 ^	 P , h spin states
J	 , are
	
IZ 2
	 o 
fr
o
 — <C+	 C+ — . <S+	 A+ — 
1 >0> 3
For the ,
 above transition moments the following relation is also satisfied
	
-I
<X	 Y> — <Y 	 X.>	 ... (35a)
C. Transition moments between 20' and 20 — representations
The transition moments between the (8,0) and (10,0) members are given
by 9
<11 +11P><Y+ <N o ^^t n> 2 <Y=	 o p( o1	 i
	
13 <.4 o	 <,k-o	
"o	 24-2
It also comes out ver;, easily as in (35a) that
	I X	 ^ I l y >Y E^ ^r	 ...(37)
r
All other transition moments between the (8,0) and the (10,0) members are zero.
The only nonvanishing moments between the triplet, (3, 1) of 20'
renresentation and the sextuplet , (6,1) of 20 re presentation are,

i•	 %
lg
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V Concluding Remarks
'	 We have started with a general group U(8) and classified the particles
in terms of U(4)(x SU(2) specifications, where U(4) gives us the internal symmetry
and SU(2) incorporates the intrinsic spin of the particles. Then assuming that the
-	 o	 - representation.'^	 • magnetic moment operator transforms as (1^, 3) member  f 6 ^  
we obtained the magnetic moments of all the baryons in terms of the magnetic moments
of proton /A (p). The SUN - decouplet and octet magnetic moments come out in the
present-case same as that of SU(6) calculation of Beg , Lee and Pais 3 We have also
determined the magnetic moments of the charmed baryons. These moments would be
useful if'such particles appear to. be reality.
It is wo-:-thwl-dle to mention that the transition from U(8) to SU(8) can be
achieved by replacing g from the moment expressions by equation (19). A glance
0
through the equations (21) through (24) reveals that the M-o perators do not depend
go at all Hence the results obtained are also valid for SUM.-
It would be quite interesting to see whether introduction of colored
quarks have any influence on the magnetic moments. This would be something.worth
studying, because in the real world , we need to introduce them to incorporate
the correct statistics for the baryons. This -point is now being rursued by the
3
authors.
r
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NUCLEON AND HEAVY ION TOTAL AND ABSORPTION CROSS SECTION
WITH SELECTED NUCLEI
By John IV. Wilson
Langley'Research Center
and
Christopher M. Cosner
Old Dominion University
i.
fi
ABSTRACT t
f`
	
	
Approximations to the solution of the coupled channel equations of
composite particle scattering are considered with view to the nuclear
scattering problem. Application of the eikonal formalism within a
small angle approximation to calculate the coherent elastic scattered
amplitude is made from which total and absorption cross sections are 	 iP	 rP	 a
derived. Detailed comparison with nucleon-nucleus experiments show
agreement within 5% except at lower energies where the eikonal approx-
imation is of questionable accuracy. Even then, global agreement is
within 15%. Tables of cross sections required for cosmic heavy ion
transport and shielding studies are presented.
i
L	 ^r
i
1
SYMBOLS
2 a parameter in Woods-Saxon function, fm
3 A nuclear mass number, dimensionless
4 ac parameter for Woods-Saxon charge density, fm
5 proton root-mean-square charge radius, fmap
6 aP
R
the	 Rth	 transition moment of the projectile, (fm)R
7 a R
ththe	 9.	 transition moment of the target, (fm)
8 b projectile impact parameter vector, fm
9 B(e) average of slope parameters of nucleon-nucleon scattering
10 amplitude, fm2
11 Bpp,Bnp slope parameter for proton-proton and neutron-proton
12 scattering, fm2
13 e two-nucleon kinetic energy in their center-of-mass frame, MeV
14 E projectile laboratory energy per unit mass, GeV/amu
15 f(q) heavy ion scattering amplitude, fm
16 TB(q) Born approximation to	 f(q), fm
1.7-
4.
f(e,q) average two-nucleon scattering amplitude, fm
18 fe(q) heavy ion coherent scattering amplitude, fm
19 fi(e,q) two-nucleon scattering amplitude for 	 i = pp,np,fm
20
4.
F(q) nuclear form factor, 	 dimensionless
21 g O
P	 P
projectile internal wave function for state 	 m, fm_ 3/2
22 gTm(EY target internal nave function for state 	 u, fm 3/2
23
u
G coherent propagator or coherent Green's function, dimensionless
24 Jm,J total internal angular momentum quantum numbers for the
i 25 projectile in state	 m	 and target in state	 u, dimensionless
v
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,.
r^
^'
1
2
3
J^
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
k	 projectile momentum vector relative to target in
the initial state, fm-
projectile momentum vector relative to the target in
the final state, fm-1
k	 orbital angular momentum quantum number, dimensionless
M. ,	 nucleon mass, 938 MeV/c.
N	 total number of nuclear constituents, dimensionless
Np,NT	neutron numbers of the projectile and target, dimensionless
q	 momentum transfer - (q = k  - k), fm 1
r	 position vector relative to the nuclear center of mass, fm
ru	 nuclear equivalent uniform radius, fm
r0.5 ,R	 nuclear half-density radius, fm
t	 nuclear skin thickness, fm
t 	 nuclear charge skin thickness; fm
taj (xa , xj ) two-nucleon transition operator for nucleons a and j
at positions z 
a, 
and xi., MeV
t	 average two-nucleon transition amplitudes, MeV
tnn,t 
pp, 
tnp two-pucleon transition amplitudes for neutron -neutron,
proton-proton, and neutron-proton scattering, MeV
U(x)	 optical potential matrix, McV2
Uc (x)	 coherent optical potential, McV2
V
mu, m , u
,(x) matrix elements of the optical potential operator, MeV
Vopt ( p'^T'x) optical potential operator, MeV
X	 relative position vector of the projectile (x b + z), fm
4.
y	 two-nucleon relative position vector, fm
i
i
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4ji
,
f
1
i
a z projection of	 x	 along the beam, fm
2 z unit vector along the beam, dimensionless
a a ratio of real to imaginary parts of nucleon-nucleon
pp, np
4 scattering amplitudes, dimensionless
3
5 S entrance channel unit vector, dimensionless
6 A scattering angle, radians
7
CP,^T
collections of constituent relative coordinates for
8 projectile and target, fm
9 pn(r),pp(r) neutron and proton densities in the nucleus, fm 3
i
#
10 ->PC (r) nuclear charge density, fm 3
A
PC (r) proton charge density, fmp
11	 '"` P	 (r) nuclear single particle density, fm
12 Cr	 ,a two-nucleon total cross sections, fm2 (mb)
pp nP
13 aTot' U a4bsS, heavy ion total, scattering, and absorption cross
14 sections, fm2 (mb)
15 the coupled channel phase operator, dimensionless
16 X(b) the eikonal phase shift, dimensionless
17
'. IP(x) the coupled channel scattered wave, fm 3/2
18 —
IPmU
(x) components of	 !H(x)
19 —i (x) h_the i	 term of the multiple excitation series for	 ^(x)
20
_(i)AP	 (x) the ith iterate of the perturbation approximation to	 T(x)
3/2
^ P (x) entering plane wave state, fm
22
0 coupled channel wave operator, dimensionless
23
S2c coherent wave operator, dimensionless
24
a
?5
_
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INTRODUCTION
The high-energy heavy ions of the cosmic radiation pose an ever
present hazard to spacecraft and high-altitude aircraft. In particular,
for manned space missions of long duration or for crew members of high-
altitude aircraft flight in which career lifetimes may approach 25 years,
the potential adverse affects on nonregenerative tissues is of extreme
importance (refs. 1 and 2). In that the range of such energetic particles
is large compared to space craft walls and the overhead airmass at very
high altitudes, an attractive means of radiation protection appears to be
through attenuation and breakup in nuclear reaction. To make effective
use of nuclear attenuation, the corresponding cross sections must be
accurately knoirn since even modest cross section uncertainty can, because
of the non-linear relation of cross section to transmitted flux, produce
large errors in such calculations. For example, a 25o uncertainty in
absorption cross section produces an order of magnitude uncertainty in
flux after only three mean free paths. In addition, the uncertainty in
production cross sections for the reaction products produces further
uncertainty in the transmitted flux which may also be large as demonstrated
by Curtis and Wilkinson (ref. 3).
In the present report, we will examine a recent high-energy heavy-ion
reaction model for potential use in estimating the required nuclear
parameters (refs. 4 and 5). The model consists of a coupled channel
Schroedinoer equation derived assuming high-energy and closure of the
internal nuclear states. We will consider approximation procedures for
solution of the coupled equations and examine in detail the lowest order
approximation. Comparisons with available nuclear cross section measure-
i
\	 ^	
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I
ments will be made.
HEAVY ION DYNAMICAL EQUATIONS
In this section we will examine the coupled channel equations for
composite particle scattering. Particular attention will be given to
the relation between the coherent elastic scattered wave, the Born
approximation, Chew ' s form of the impulse approximation, the distorted
wave Born approximation (DWBA), and various approximation procedures
to the coupled equations. Finally, we will show how the coupled equations
can be solved assuming small angle scattering and a simplified expression
for the elastic and all of the inelastic scattering amplitudes will be
derived. We will further discuss the usual use of the optical theorem
to estimate total cross sections from the coherent elastic scattered
wave and, in particular, shed.some light on the reasons why this estimate
of total cross section is so successful.
t:
Coupled channel equations. The starting point for the present dis-
cussion is the coupled channel (Schroedinger) equation relating the en-
trance channel to all excited states of the target and projectile which
was derived assuming high energy and closure for the accessible internal
eigenstates of the target and projectile (refs. 4 and 5). These coupled
equations are given as
z mA^.Ar	 V	 (x)
	
( )
where subscripts m and p label the eigenstates of the projectile and
target, AF and AT are projectile and target mass number, m is
a
constituent mass, k is projectile momentum relative to the center of
mass, X' is the projectile position vector relative to the target, with
t
tt
I	 l	 1	 i^
2
() 1 ^^pM( p) 9^^ Sr) t Vft ^^ip,^r^X.	 Jp,^^p) `h	 ^^ (z)
9P ( pip)	 and	 9r C^r)	 are the projectile and target internal wave
wt
a
functions,	 dip	 and	 fir	 are collections of internal coordinates of the
projectile and target constituents,
	 Vpt^^P^ giT^ X)	 is the effective
potential operator derived in ref. 4 and . given by
^.	 ^X	 X^)
F	
Vpf(	 ^	 fir ' X)	 °`d	 a1
a (3)
where	
a
^,^^ (Xac	 x.)	 is the two-body transition operator for the j -constituent
of the projectile	 at position x
	
and the a-constituent of the target at
7
aand	 N	 is the total constituent number	 +
We simplify-the notation by introducing the wave vector
1J;oCx)
J	 X, o (^G) ( 5)
(6)
I	 I	 I
is
i'
i
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and the potential matrix
Wi	 () V cX)VO90O	 oo,o^	 "0",
Vyoo(X^ V01,61 C> Vol, JO
(;ivYoArA	 k//If MP
(x)
VS, o°	 $i,o$	 V,, /O
The coupled equations are then written in matrix form as
for which we now seek approximations.
Born approximation. The Born approximation of the coupled equations
is written as
11	 C3
which is a matrix of approximate scattering amplitudes relating 	 I
all possible entrance channels to all possible final channel states. For
example, diagonal elements relate to all-possible elastic scatterings of
the system where the elastic channel is defined by the entrance channel.
Recalling the definition of the potential matrix in equation (2), we write
z ►++ t1rA7	 N
r; r
where
	 and Ffr (&)	 are the projectile and targetform
factors.. Equation (9) corresponds to a generalized version of Chew's impulse
approximation (ref. 6) or single scattering approximation (ref. 7). This is
consistent with the idea that solution of the optical model implicitly sums
the multiple scattering corrections. As noted in ref. 3 , the Born series
is term by term equivalent to the multiple-scattering series.
f4
(to)
(11)
Cis-)
It fallows from the form of eq. (9) that
M 
^^ ^'^5^'»+ -rap%Srr * cLr,i&la1
r, r
at small momentum transfer where
Y P =Max 1 J,„1 - J.)
and
T
where J,,,, Jp (J.,, J J	 are the internal angular momentum quantum
numbers of the target (projectile) in the final and entering states
respectively. The QrRr and 
0-p 
are the lowest order nonvanishing
transition moments of the target and projectile respectively. On the
basis of the Born approximation, we see a very strong threshold effect
on the various excitation processes which causes an ordering in the
contribution of specific excitation channels in going from small to
large momentum transfer. Clearly at zero momentum transfer, only
the elastic channel is open. As the momentum transfer increases, the
single dipole transitions for either the target or projectile but not
both are displayed first. Note that this severly restricts the accessible
angular momentum states in the excitation process. At slightly higher
momentum transfer, coincident dipole transitions in projectile and tar-
get and single quadrapole transitions are in competition with and-may'
eventually dominate the single dipole transitions at sufficiently high
momentum transfer. Similarly at higher momentum transfer,'transitions
to higher angular momentum states are possible.
Perturbation Expansion and D1VBA. According to the above discussion,
we see that over a restricted range of momentum transfer the off diagonal
elements of the "Born" matrix of scattering amplitudes are small compared
to the elastic-scattering
  mpl tudes for the various channels found along
Sthe diagonal. Noting that these amplitudes are proportional to the
potential, we may consider the decomposition
where ZLjcx) are the diagonal parts of jEl C) and uo<x) are the
corresponding off diagonal parts. , 	Clearly we may assume
a
in accordance with the above discussion. We will treat the off diagonal
contribution as a perturbation and consider the iterated solution.
We rewrite eq. (7) as
x
and take as a first approximation
The only nonzero component of
	
is the elastic coherent scattered
wave. If the initial prepared states are in their ground states then
we solve for the coherent elastic wave from
and the first approximation is
To
Estimating the perturbation via use of eq. (18) we now correct the resul t
as
2 + k _ ud cx^	 `cx) — uacx) ^x) 	 C 1 ^)	 1CX1X 	 1
The right hand side is a term describing the source of excitation caused
by the interaction of the coherent amplitude and is of the form
O
0)
	
2(0 CK) ^Cx) 	 ZL^,00 ^Cx)	 X2
lo,00
Z'('iiloo
f
(17)
(I V)
rNoting that the first component of the source of excitation is zez
l	 see that the equation for the first component of eq. (19) is
$	 00,40	 eo
from which we see that the iteration of the elastic channel obtains again
the coherent elastic amplitude
^/^ cq ^	 ^
700 (X) = fn ^ x,)
(Z2^
The remaining components of (19) are
[px + 	 ^mr,Mr<i?i] 3;''x'^ : uMros^x	 cx) 1^.3)r
This process of successive iteration is equivalent to the series approximation
Cz^
where
VXX
and
zz
dx
The iterated solution and series solution are related as
c
and the ith iterate is the i th partial sum of the series.
Further insight can be gained by considering the formal solution to
the coupled equations (25) and (26).	 We introduce the diagonal coherent
propagator
GG - [ ,v + k - ztd ' c x )^ C x 8)
and the coherent wave operator
(OZ+ k^)'^ZLd(x)
(9^.
with which the solution to eq.
	 (26) is written as
r Cx)= G^u,c^_^Cx)	 d
and note that
Iis the entering plane wave state. The series (24) may now be
7
written as
u un-^V +.
The first term is the coherent elastic scattered wave as noted above and
represents attentuation and propagation of the incident plane wave in.
matter. Since -2^ is diagonal, this propagation is in undisturbed matter.
The second term relates to the excitation caused by the presence of the
coherent elastic wave followed by coherent propagation in disturbed matter..
Note that the second term has no contribution in the elastic channel. The
third term relates to further excitation caused by the presence of the
scattered waves formed exclusively by coherent excitation and the first
correction to the elastic channel due to incoherent processes. Hence, the
coherent elastic wave is correct up to third-order terms in off-diagonal
elements of the potential matrix which shows considerable damping or sup-
pression at small momentum transfer as shown in connection with eq.- (10).
This may well be the reason why the coherent elastic amplitude has been
so successful in nuclear applications (refs. 5 and 8).
It is obvious from the structure of the second term in the series (32),
that it is the usual distorted-wave Born approximation (ref. 9) or single
inelastic scattering approximation (ref. 10) and the entire series could be
aptly referred to as the distorted-wave Born series. However, recalling that
the terms of the series correspond to a successively larger number of changes
in states of excitation (i.e., the :First term contains no excitation, the
second term transforms the coherent elastic wave to the excited states, the
third term transforms the excited states of the second term to new excitation
levels and so on); a more appropriate name for the series would be the "multiple
excitation series."
( 3 l)
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Full coupled channel amplitudes. We consider now the solution to the
coupled equations (7) within a small angle approximation. We will in effect
sum the multiple excitation series to all orders and as a final result give
expressions for the scattering amplitudes connecting all possible entrance*
channels to all possible final channels. Making now the forward scattering
assumption, we take the boundary condition as	
(33_	 >>
where -7. is the direction to the beam source and S is a constant- vector
with a unit entry at the entrance channel element and zero elsewhere. Equation
(33) simply-states that no particles are scattered backwards. Physically,
this assumption is justified since the backward scattered component for•most
high-energy scattering is. many orders- of magnitude less than the forward
scattered component. We will seek a solution to eq. (7) of the form
/	 t -V --;p —
where the boundary condition (33) implies
a 
	 (35)
as a boundary condition on 4 ( ). Using, eq. (34) we may write an equation
for ^bc) as
	
i 71	 ©X ¢(Xq Z k^ px (x) —uCn) =Q	 f3fi)
	
x	 L 
If uCX) is small compared to the kinetic energy
and if the change in U(X) is small over one oscillation of the incident
wave as
Vx u C X) << ^G	 x)
where inequalities refer to magnitudes of elements on each side of (37) and
(38); then we may approximate (36) by
1
i
4
9(qO)
( q 1)
(uz)
which has a solution as
X	 u. cx')d ^
a
where the value a is fixed by the boundary condition (35) to be — °O .
We may now write the scattered wave (34) as
We note that the wave operator is approximated by
11. ^ ^C_^ So u ( x^)d^l.^
The scattering amplitudes are given by
	
where kf is the final projectile momentum and
	 the momentum transfer
is. given by
kf - k	 (qq)
We define a cylindrical coordinate system with cylinder axis along the beam
direction and write
X b. ( y s)
where b is the impact parameter vector and note that
g. X = ^-e + O(6'')	 6)	 j
where B is the scattering angle which we assume small. Using then the
small angle approximation we obtain
	
7Z.
	 a
-*] d"9
J
which we rewrite as
;k	 T(63- /] J2'6
where
4.00
II
f
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Equation (48) gives the matrix of scattering amplitudes of all possible
entrance channels to all possible final channels of the system.
We may inquire as to the relation between the eikonal result for the
full scattering amplitude (48) and the various approximate results dis-
cussed earlier in this section.	 First, we consider the expansion in powers 1
Iof ;Y	 of the integrand of equation (48)
The first term is the Born approximation at small angles.
	 Higher order
1
terms are multiple-scattering corrections to the Born result.
	 Recall that t
the Born approximation for the optical potential is equivalent to Chew's
impulse approximation.
	 A more interesting result is obtained by separating i
the '}C
	 matrix into its diagonal and off-diagonal parts as
-t-
which corresponds to the diagonal and off-diagonal parts of the matrix
potential it 0)
 	 If we now make an expansion in powers of the off-
diagonal part of	 in equation (48) we obtain
r,,,	 k	 -;,	 b	 I ^cd Cb)	 -^E e i
ik 	 b	 CXd tb)	 y -Xx _!j i ^^t_..^ j^6	 C$z)
--- Se	 e	 [c	 —2.	 a	 3.
a
The first term is the elastic coherent amplitude, the second term is the
	 j
distorted wave Born approximation, and the remaining terms are multiple
excitation corrections.
3
j
1
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THE ELASTIC CHANNEL
It was shown in the previous section that within a small angle
approximation., the coupled channel equations could be solved. The
principal difficulty in calculating the full coupled channel ampli-
tude lies in our near complete lack of knowledge of the internal wave
11
i
i
functions for the colliding nuclei for all orders of excitation.
It was shown on very general principles for near forward scattering
that transitions to the excited . states are kinematically suppressed.
This was the main motivation for expanding the solution in wrms of
off-diagnoal matrix elements of the potential. Near forward scattering,
the scattering amplitude is then dominated by the on-diagonal elements.
If elastic scattering is strongly forward then a reasonable approximation
to the elastic amplitude is obtained by neglecting the off-diagonal
contribution and, in addition, the eikonal small-angle approximation
should be accurate. In this vien, we will now approximate the elastic
channel amplitude by retaining only the first term in equation (52).
We will justify this approximation by making detailed cornparisons
with experimental data.
It has been shown in ref. 5 that the elastic channel potential
can be reduced to
T.{^CX)	 m AT ('P \ J Z pY ( }	 P^X 	 (53)N	 J	 (	 d
where PT(^) and P^Cz) are the target and projectile ground state
single ,particle densities and t< <`,^) is the energy and space dependent
two-body transition amplitudes averaged over the projectile and target
constituent types as
t _ =- 
( f!p Nr t N N	 prt'p t C Np ^r 
t^ Air){ ^P	 (54)
T^ Rr I.
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E	 with N
P 
and NT the projectile and target neutron numbers and
i Zp and ZT the corresponding proton numbers. The normalization of
the t amplitudes are given byE	
ffr CA
with the usual expression for the spin independent two-nucleon trans-
ition amplitudes as
TM
^n 
e	 I^^^hcQ) 
^Z	 (56)6-^ ^ ofce) -t L	 y
where a is the constituent energy in the two-body center of mass
frame, u = m/2 is the two-body reduced mass, csYe) is the energy
dependent total two--body cross section, ctee) is the ratio of real
to imaginary parts, and B(e) is the slope parameter. The elastic
channel phase function may now be approximated. by
_	 from which we may calculate the elastic channel amplitude by
bc^J^ .^a(zk^ ,^^...^o,f^^iX Cb)J 	
^J (58)
where we have used the property that the phase function is cylindrically
symmetric about the Z-direction.
	 Applying now the optical theorem we find
6T - k^ D^ C ^^ C o )^
o (59)
where	 Xr 	and	 Xi are the real and imaginary parts of	 X.	 In that
the scattering is strongly forward; we may calculate the total elastic
cross section using the eikonal expression
N .
	S, b ab f _ e4PF;1;C b	 ^e4 ^Xr^ b )3
0
from which we now find
i
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1
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(61)
The use of approximations (59) through (61) have at least in part
been justified by comparison with experiment (ref 5). In the following, {
we will attempt to quantify the accuracy of these approximations by
t	 further comparing with experiments.
i
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we will assume
It was noted in the previous section that scattering in the elastic
channel can be described in terms of the single particle density functions
of the projectile and target and the nucleon-nucleon two-body transition
amplitudes. For the present work, these functions will be determined from
compilations of experimental results on electron scattering from nuclei
(i.e., nuclear charge distributions) and nucleon-nucleon scattering experiments.
Single Particle Density.- The single particle densities:are related to
the nuclear wave functions by
A- ►
which can be written as
IV	 A P
	
(63)
where Pn (^) andPp(Y') are the corresponding neutron and proton densities.
It can be assumed that in light nuclei that
P ( r) P^ C r' )	 (64)
since they differ only by the protons coulomb repulsion which is a small
affect in light nuclei. The medium mass nuclei would probably have
S
^z
r PP (Y) 3 Y	 S 'C ZP ( Y') ^3Y	 (65)n
strictly as a result of coulomb repulsion. The relation (65) may actually
be reversed in very heavy nuclei due to the large neutron excesses and the
tit
fact thatProtons
n	
nuclear binding is greatly increased due to this excess.,
C	 For example, the charge radius has been observed to be relatively reduced
f in isotopes with increasing neutron numbers (ref. I1). In the present work,
9
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I	 ^	 w
P r _ PP (r)	 (66)n
and take the proton densities from electron scattering experiments.
Measured in electron scattering experiments is the charge distribution
of the nucleus. Had the proton been a point particle, then the charge and proton
densities would be proportional. The structure of the proton requires us to
extract the single particle (or proton) densities by removing the effects of
the proton charge distribution.
The single particle density (63) is then related to the charge distribution
as measured in electron scattering through the following
PCA(r') =	 ^`Cl^ PA(l'-1 Y^)J3r ^	 ( 7)6
where P` PCr) is the proton's charge distribution and	 P^A (c) is the
nuclear charge density. We must now solve the integral equation (67) for the
nuclear single particle density 	 (^)
A
The proton charge form factor is to a good approximation a guassian function
(ref. 12) as
with ap5z 0.8 fm. Substituting (68) into (67) and simplifying yields
P cr)=^^ rrazj? 3 S^ estPA(^- 23 )- ^(r-t 3 s)^dscA	 3	 o	 A
CW5
00	 s p.
A
The first term in (69) contributes only when r is near the nuclear edge.
EWe will estimate its importance there by assuming the worst case when
A(r)	 is a uniform model density and take r to be the equivalent uniform
radius r	 We estimate then, the two terms in (69) at r r asu	 -	 u
gx
(68)
i
...	 a
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cA (Y) 6,G	 ^^	 c z r
x^'P 1
... ^.	 p	 f	 S p (70)
Comparing the ratio of the first term to the second as
(	 ^a3	 r	 .36/ry < . IS (71)
with	 r	 a 2.4 fm we see that the first term is less than or on the order ofU	 for the typical Woods-Saxon densit%
150.	 We further tested the importance of the first term numerically/and found
it less than 1%.	 We take, therefore,
oq	 z
CGA	
—oo
	 A
and use the gauss quadrature formula to obtain
1	 Cam) ^^.	 (r+ cZP/} + P
^A	 fA	 A
(73)
which is equivalent to assuming that•^(r)
	
is well approximated by a
A
cubic
over the range of Y't ELp	 (ref. 12).	 The formula (73) was shown to be 20
accurate as determined by numerical evaluation of (69).
In the present work, we assume the densities of nuclei heavier than helium
to be approximately Woods-Saxon in shape as given by
`	 except for an overall normalization factor.	 In equation (74),	 R	 is the
t
radius o:^g half density
moo• 5 (75)
and	 a	 is related to the skin thickness 	 t	 by
F (76)t- yyaY`
1
1
n
1
Values for the half density radius and skin thickness determined from
plectron scattering experiments have been compiled by Hofstadter and
3
Collard (ref. 13) and are shown in figures 1 and 2.
It was found on the basis of equation (72) that the half-density
radius of the charge distribution was equal to the half-density radius of
the single particle densities. Hence, the half-density radius for
FA(r) may be taken directly from the compilations of reference 13. The
single particle skin thickness is yet to be determined from approximation
(73). Except for the overall normalization, we use equation (73) evaluated
at r -z: j?+ aplr to find
a	 43 ^'p /	 ^ 3
	
(77)
where
Cap /,^ ^^)
(78)
with ac as the charge density parameter and a as the single particle
density parameter. Equations (77) and (78) were used to determine -the
single particle skin thickness
y. a-	 (79)
in terms of the charge skin thickness!
G	 y ac, (so)
and the proton root mean square charge radius Oy given by
^^^^	 Z 3PP (e) + G3„ P[e)3
s ^ ^ /S
The charge skin thickness and proton rms radius are taken from reference 13. The
nuclear single particle density skin thickness as determined from the nuclear
charge skin thickness is shown in figure 3. The skin thickness calculated using
euqations (77) to (81) were shown to satisfy equation (69) to within 1%.
For the purposes of the present calculations, we use the relation
L
(82)
to obtain the half-density radius. Values for the single-particle skin
thickness were obtained by spline interpolation between the values given.in
Table 1. The experimental deviations from equation (82) and interpolated
values from Table 1 are given in Table 2 for several common elements used in
scattering experiments.
Nucleon-Nucleon Scattering Amplitude.- The two-body amplitudes required
for the present calculations are the proton-proton and proton-:neutron scattering
amplitudes. In the present work, we neglect. the coulomb scattering contribution
and use the following form
y,,.^ LCD) C gLee) `3 Q't'y° E— i 13`11) (83)
for c = rips , pp	 The parameters 9-L I oi l and 13L were taken from the
compilations of refs. 14 and 15. Graphs of these functions as estimated
from refs. 14 and 15 are shown .in figures 4 through 9 where the values are
shown by dots at descrete energies and the range of experimental uncertainty,
are indicated by the two curves. The deviation of experimental values from 	 ^~
the average values given by
(j [e)	 Z t G^, ( e ) } Gip ! e)j
	
(84)
LS►'Pfe>ly-pPte) 4 ^Ple) C/h^,Ce)^ 3 LQPi,(^) + `S^p,ce)^	 (85)
I1
i!
are given in Table 3. The uncertainties in Table 3 will be used for the
purpose of estimating uncertainty in the present calculations although in
the calculations the average two-body amplitude is calculated essentially
from equation (54) which deviates slightly from equations (84) and (85).
Equation (86) will be used to estimate the average slope parameter for
convenience and the error introduced will be negligible since this parameter con-
tributes only a few percent to the nuclear cross sections for energies less
than 30 GeV.
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NUCLEON-NUCLEUS SCATTERING
The case of nucleon-nucleus scattering will be considered first since a
large body of experimental data is available with which to make comparisons.
Attention will be given to the targets of carbon, 1kluminum, copper, and lead'
since for these the data are most complete. The experimental cross sections
are taken from the compilations of Barashenkov et al. (ref. 16) and the
experiments of Schimmerling et al. (refs. 17, 18).
The neutron-nucleus scattering cross sections were calculated using the
eikonal and coherent approximations discussed previously. The physical data
required for the calculations is discussed in the previous section. Using
equations (59) and (61), the total and absorption cross sections were calcu-
lated for the four aforementioned targets and the comparison of the calcula-
tions with the experimental results are shown in figures 10 through 17. The
uncertainty in the theoretical results due to uncertainty in the input
physical data is indicated by the two curves. These, uncertainties in cross
sections were estimated by determining the effect of uncertainty in each input
parameter separately and using the rms value of each effect to obtain the
total uncertainty. This process was done at each of the five energies shown
in Table 3 with the results for each of the four targets in Table 4. The
curves were obtained by linear interpolation in Table 4. The points between
the curves are the cross section values calculated at the indicated energies.
Generally the agreement between the present calculations and experiment
are quite good with the largest errors being about 15% which occurs below
300 MeV. This error is suspected to be in part due to the eikonal -approxi-
mation. For example, the eikonal approximation requires a large number of
partial waves to contribute. Note however the even in lead that the angular
momentum
.r 1
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which leads us to anticipate large corrections to the eikonal result.
Above 300 MeV, the worst error is for carbon total cross section with
differences on the order of 5%. There is a real disagreement for aluminum
total cross sections above 300 MeV of a few percent while copper and lead
agree within theoretical and experimental uncertainty. These errors may
result from the effective potential approximation which tends to over-
estimate shadow effects.
The results for absorption cross sections show much better agreement
with the experimental results. This, of course, is in part due to the
greater scatter in the experimental values. Even so it appears that the
absorption cross section is more accurately predicted than the elastic cross
section. This is especially true below 300 NIeV.
The results of comparison with experiments are that the coherent approxi-
mation to the elastic channel appears reasonable and that the eikonal approxi-
mation to the coherent amplitude is good above 300 MeV for nucleon-nucleus
scattering. Below 300 MeV, it is expected that due to the small number of
contributing partial waves, that the eikonal approximation contributes an
error which is never more than about 15%.
The nucleon-nucleus cross sections are given as a function of energy in
22
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j	 Nucleus -Nucleus Scattering
On the basis of the approximations discussed in previous sections, we
have calculated total and absorption cross sections for selected heavy ions
with various target nuclei, the results of which are given in Tables 9-16.
^E
An attempt has been made to include projectiles which are-likely to be
available at heavy ion accelerators and common target materials. At the
r
same time, most of the data of interest to cosmic ray shielding is either
i
	
	 contained in the tables or can be . obtained by interpolation in nuclear
mass number. Although it is difficult to affix an error to the tables
at the present time, they may surely be regarded as no worse than about
loo since the'largest errors anticipated are due to , the'eikonal approx-
imation which is most accurate for heavy ion collisions. An accurate
assessment must yet await new experimental results.
y;
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CONCLUDING REMARKS
k
j
The solution of the coupled channel equation for heavy ion reaction
i
has been examined and approximation of the elastic amplitude by neglecting
terms related to internal excitation and terms higher than second order in
scattering angle was indicated to. accurate. On this basis, the total and
absorption cross sections were calculated for scattering nucleons from
	 j
i
nuclei and comparison with experiments indicate errors are within 5% {
above 300 MeV and within 15% above 100 MeV. The 15% errors at low energy
are believed due to the eikonal approximation. Tables
of heavy ion cross sections were calculated for use in cosmic ray transport
studies. The eikonal approximation for heavy ion scattering is believed
to be adequate due to the larger number of contributing partial waves
even at 100 MeV.
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TABLE 1.- Nuclear Slain Thickness
	
A1/3	 t, fm
	 A1/3	 t, fm
1.75 1.81 3.46 2.16
2.02 1.75 3.71 1.90
2.19 1.51 3.90 1.69
2.38 1.19 4.13 1.53
2.46 1.01 4.43 1.67
2.66 0.90 4.73 1.77
2.83 1.08 5.11 1.83
2.94 1.44 5.S0 1.80
3.03 1.78 S.86 1.77
3.22 2.06 6.00 1.75
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TABLE 2.- Percentage Uncertainty in Nucleon Density Parameters
Target Half-radius Skin Thickness
Nucleus (r.5) (t)
C 2.7% 2.6%
Al 3.3% 4.60
Cu 3.2% 7.8%
Pb 3.1% 10.9%
i1	 ?r
^
TABLE 3.- Percentage Uncertainty in Nucleon-Nucleon Collision Parameters
Incident
	
Re fel/Im fel Nucleon-Nucleon Slope
Energy (a) Cross Section Parameter	 1
GeV/amu (CF) (B)
.1 47% 3.4% 7.8%	 i
.5 S3% 3.1%'• 7.1%
1.0 67% .9% 6.3%	 1.
5.0 35% 2.7% 5.1% i
10.0 33% 2.1%
i
6.1%
`a
•
i
t
Y	 -
{}
j
I
TABLE 4.- Percentage Uncertainty in Neutron-Nucleus
{^l
S
Cross Sections
Incident C Al	 Cu Pb
Energy
GeV/amu
.1 1.80 2.9%	 4.2% 5.0%
I
.5 1.34-1, 2:0%	 3.0% '4.0%
1.0 1.4% 2.3%	 3.3% 4.3%
5.0 1.3% 2.1%	 3.2% 4.2%
10.0 1,4% 2.1%	 3.1% 4.1%
z
i
.	 F
z.
x
4
i
BR AG BA P3
1670 2094 2457 3215
1633 2051 2413 3173
1610 2027 2388 3147
1549 1959 2319 3079
1453 1849 2203 2957
1395 1780 2128 2875
1346 1722 2065 2803
1304 1571 2008 2735
1278 1639 1972 2692
1257 1612 1941 2653
1.253 1605 1934 2641
1315 1679 2818 2736
1374 1749 2097 2827
1404 1784 2136 2870
1427 1811 2165 2903
1446 1833 2188 2929
1459 1849 2206 2948
1482 1875 2233 2979
1493 1889 2248 2996
1502 1699 2259 3009
1510 1908 2269 3021
1514 1913 2274 3x27
1511 1909 2259 3023
1507 1904 2264 3J18
1502 1898 2258 3011
1496 1892 2251 3004
1489 1884 2243 2995
1481 1873 2231 2982
1473 1865 2222 2971
1469 1859 2215 2964
1465 1855 2211 2959
1460 - 1848 2204 2952
1454 1841 2196 2943
1447 1833 2187 2933
1441 1825 2179 2923
1437 1820 2173 2916
^! T
	 TABLE 5.
	
NEUTRON-NUCLEUS. TOTAL CROSS SECTION• MB
ENERGY HE C 0 AL A FE
,4;EV/AMU
100 178 428 496 805 1128 1349
125 163 401 474 767 1076 1308
150 155 384 459 744 1046 1283
175 142 355 429 697 984 1221
200 128 321 391 636 903 1132
225 120 303 369 602 857 1383
250 115 289 353 576 821 1038
275 ill 278 339• 555 792 1003
300 108 271 332 542 775 981
350 107 267 326 533 753 961E
400 108 268 326 534 764 962
500 118 289 348 570 817 1316
500 128 309 369 605 867 1068
700' 133 321 381 624 894 1095
300 138 330 390 639 914 1116
900 141 337 398 651 930 1133
1000 144 342 404 659 941. 1145
1250 148 350 413 673 958 116
1500 150 355 419 680 966 1176
1750 152 358 423 585 972 1183
2000 154 360 426 689 977 1190
2500 154 361 428 691 978 1193
3000 154 360 427 688 974 1189
3500 153 358 425 685 959 1185
4000 152 356 423 681 965 1181
5000 151 353 420 678 950 1175
5000 150 351 417 673 954 1169
_	 7000 148 348 414 668 947 1161
8000 147 346 412 664 941 11.55
9000 147 344 410 661 937 1150
10000 147 343 409 659 934 1147
12500 147 342 408 656 933 1142
15000 146 340 406 653 924 1137
17500 146 338 404 649 919 1131
-	 20000 145 337 403 645 913 1125
22.500 145 336 4D2 643 910 1122
ENERGY HE C• 0 AL. A FE
MEV/AMU
100 111 246 271 447 629 726
z25 102 230 257 422 593 694
150 97 222 249 409 577 578
175 93 214 242 398 561 663
200 90 208 237 388 548 650
225 87 203 232 380 537 639
250 85 199 228 374 529 632
275 84 197 226 370 524 627
300 84 196 225 369 522 625
350 84 196 225 369 523 626
400 85 198 228 373 529 531.
500 92 211 241 395 560 661
600 99 223 252 413 587 686
700 102 230 258 423 601 699
800 105 234 2.62 430 511 709
900 107 238 265 436 618 715
1000 108 240 258 439 522 120
1250 110 243 271 443 626 724
1500 111 244 273 444 628 726
1750 112 246 274 446 629 728
2000 113- 246 275 447 630 729
2500 113 247 276 447 629 729
3300 113 246 275 •445 525 727
3500 112 245 274 443 624 725
I	 4000 112 244 274 442 622 723
5000 111• 243 273 441 621 722
6000 111 242 272 440 619 720
7000 110 241 271 438 617 718
8000 110 241 271 437 615 717
9000 110 240 271 437 614 717
1C-000 110 241 271 437 515 717
12500 111 241 272 438 615 718
15000 111 241 273 438 614 718
17500 1.11 241 273 437 613 •717
20000 111 241 273 437 612 716
22500 111 241 273 437 612 716
BR AG BA p 
884 1107 1295 1580
851 1067 1252 1633
835 1049 1233 1612
820 1031 1213 1592
807 1015 1197 1574
796 1002 1183 1559
788 993 1173 1548
783 .987 1167 1542
781 985 1,166 1540
783 987 1168 1543
789 995 1177 1553
822 1033 1221 1603
849 1365 1257 1643
863 1082 1275 1664
873 1093 1288 1678
880 1102 1297 1588
885 1107 1333 1594
890 1112 1308 1700
892 1114 1310 1703
894 1117 1313 1.705
895 1118 1314 1707
895 1117 1313 1706
893 1115 1310 1703
891 1112 1307 1700
890 • 1111 1306 1699
889 1110 1305 1698
887 1108 1303 1696
885 1105 1300 1592
883 1103 1298 1690
883 1103 1298 1690
884 1103 1298 1691
885 1105 1300 1593
886 1105 1300 1594
885 1104 1299 1593
885 1104 1298 1692
885	 004	 1299	 1693
f
TABLE 7. - PROTON-NUCLEUS TOTAL CROSS SECTION. MB
ENERGY HE C 0 AL A FE BR AG BA P 
MEN!/AMU
100 178 428 496 817 1171. 1377 1716 2148 2540 3329
125 163 401 474 783. 1122 1337 1 1681 2106 2494 3267
150 155 384 459 756 1088 • 1310 1656 2078 2464 3234
175 142 355 429 707 1020 1246 1592 2008 2390 3160
200- 128 321 391 644 931 11,,1 1488 1889 2263 3028
225 120 303 369 609 880 1097 1425 1816 2182 2940
250 115 289 353 581 841 1052 1373 1753 2111 2859
275 111 278 339 559 838 1314 1325 1696 2045 2779
300 108 271 332 546 789 991 1295 1659 2C':>- 2727
350 107 267 326 536 773 971 1269 1626 1963 2677
400 108 268 326 536 772 967 1262 1616 1949 2658
500 118 289 348 569 816 1014 1311 1673 2008 2721
500 128 309 369 603 861 1062 1363 1734 2074 2795
700 133 321 381 622 885 1389 1393 1770 2114 2840
'	 800 138 330 390 637 907 1,111 1417 1799 2146 2878
900 141 337 398 649 923 11.28 1437 1822 2173 2909
1000 144, 342 404 658 936 1142 1453 1841 2194 2934
1250 148 350 413 673 957 1165 1482 1875 2234 2931
1500 150 355 419 680 967 1177 1496 1893 2254 3006
1750 152 358 423 685 973 1185, 1506 1904 2267 3020
2000 154 360 426 690 979 1192 1515 1914 2278 3034
2500 154 361 428 691 981 1196 1520 1920 2285 3.043
30000 154 360 427 689 978 1193 1518 1918 2283 3041
3500 153 358 425 686 974 1189 1514 1913 2278 3036
4000 152 356 423 682 969 1184 1508, 1906 2270 3027
50 .00 151 353 420 678 952 1177 1499 1896 2258 3014
6000 150 351 417 674 956 1170 1492 1887 2249 3002
7000 148 348 414 668 949 1163 1484 1877 2238 2990
8000 147 346 412 664 943 1156 1476 1869 2228 2979
r	 9000 147 344 410 661 939 1152 1471 1862 22-21 2970
10000 147 343 409 659 935 1148 1466 1857 2214 2963
12500 147 342 408 656 929 1142 1459 1847 2202 2949
15000 146 340 406 652 923 1136 1452 1839 2193 2938
17500 146 338 4G4 648 917 1130 1445 1830. 2183 2928
20000 145 337 403 6455 912 1124 1439 1823 2175 2918
22500 145 336 402 643 909 11" 1435 Data 2170 2912
f
aTABLE 8. - PROTON-NUCLEUS ABSQRPTION CROSS . SECTION. MB
ENERGY HE C 0 AL A FE BR AG B4 P3
MEV/AMU
100 111 246 271 452 647 738 905 1133 1336 1731
125 102 230 257 426 611 705 .872 1093. 1292 1584
150 97 -	 222 249 414 593 588 854 1072 1268 1658
175 93 214 242 401 575 672 837 1052 1246 1533
200 90 208. 237 391 561 659 823 1035 1227 1612
225 87 203 232 383 549 548 811 1022 1212 1596
250 85 199 228 377 540 640 803 1011 1201 1583
275 84 197 226 373. 535 634 797 1004 1193 1574
300 84 196 225 371 531 631 793 1000 1188 1569
350 84 196 225 371 531 631 793 999 1187 1567
400 85 198 228 375 536 636 798 1005 1192 1573
500 92 211 241 395 562 562 824 1035 1224 1607
600 99 223 252 413 585 685 847 1062 1252 1637
700 102 230 258 423 598 597 859 1077 1268 1554
800 105 234 262 429 .607 706 868 1087 1279 1667
900 107 238 265 434 614 713 875 1095 1288 1676
1000 108 240 268• 438 618. 717 880 1101 1294 1683
1250 110 243 271 .442 624 72-3 887 1108 1302 1693
1500 ill 244 273 444 626 725 890 1112 1307 1698_
1750 112 246 274 446 628 727 893 1115 1310 1702
2000 113 246 275 447 629 729 894 1117 1312 1704
2500 113 247 276 .447 628 729 895 1117 1313 1706
3000 113 246 275 445 626 727 893 1115 1311 1704
3500 112 245 _ 274 444 624 725 891 1113 1308 1701
4000 112 244 274 442 622 723 890 1111 1306 1698
5000 111 243 273 441 620 722 887 1108 1,303 1695
1	 5000 111 242 272 440 618 720 885 1106 1300 1692
7000 110 241 271 .438 516 718 883 1103 1297 1689
8000 110 241 271 437 614 716 882 1102 .	 1295 1587
9000 110 240 271 437 614 716 882 1101 1295 1686
10000 110 241.., 271. 437 614 716 882 '1101 1295 1686
12500 111 241' 272 437 614 716 882 1102 1295 1687
15000 111 241 273 437 613 716 883 1102 1296 1688
17500 111 241 273 437 X12 716 883 1102 1295 1687_
_	 20000 111 2,41 273 436 611 71.5 882 1101 1294 1687
22500 111 241 273 436 611 715 882 1101 1294 1687
yTABLE q.- HELIUM-NUCLEUS TOTAL CROSS SECTION, MS
ENERGY HE C 0 AL A FE BR AG BA PB
'	 MFV/AMU
100 466 880 953 1432 1938 2154 2544 3092 3557 4462
125 442 848 924 1389 1881 2101 2491 3030 3491 4390
150 428 830 907 1365 1849 2072 2461 2995 3453 4349
175 403 797 876 1321 1791 2016 2404 2930 3382 4272
200 372 753 834 1262 1714 1943 2327 2842 3287 4168
225 353 727 809 1226 1669 1899 2282 2790 3231 4106
250 339 705 788 1197 1631 1863 2244 2747 3184 4055
275 327 686 770 1171 1598 1831 2210 2708 3142 4009
300 320 674 759 1155 1577 1810 2189 2684 3116 3980
350 315 665 749 1141 1559 1793 2171 2663 3093 3955
400 315 663 747 1139 1556 1790 2167 2659 3089 3950_
500 336 693 775. 1178 1607 1838 2217 2716 3151 4018
600 357 723 804 1218 1658 1888 2269 2776 3215 4088
'	 700 368 739 820 1240 1687 1916 2298 2809 3251 4127
800 377 752 833 1258 1710 1938 2321 2835 3279 4159
900 384 763 843 1272 1728 1955 2339 2856 3302 4184
1000 390 771 851 1283 1741 1969 2354 2872 3319 4203
1250 399 785 865 1301 1764 1992 2378 2900 . 3349 4236
1500 404 792 873 1311 1776 2004 2392 2915 3365 4254
1750 407 798 879 1318 1784 2013 2402 2926 3377 4268
2000 410 802 884 1325 1791 2021 2410 2935 3387 4279
2500 412. 805 888 1328 1795 2026 2416 2941 3394 4287
3000 411 804 887 1327 1792 2024 2414 2939 3391 4285
3500 409 802 885 1324 1789 2021 2411 2935 3387 4280
4000 408 800 883 1321 1784 2016 2407 2930 3382 4274
5000 405 796 880 1316 1778 2011 2401 2924 3375 4266
6000 403 793 876 1311 1772 2005 2395 2917 3367 4258
7000 400 788 872 1306 1765 1998 2388 2908 3358 4248
8000 398 785 869 1301 1759 1992 2382 2902 3351 4241
9000 396 783 868. 1299 1755 1989 2379 2898 3347 4236
10000 396 782 867 1297 1753 1987 2377 2896 3345 4234
12500 395 781 866 1295 1749 1985 2375 2893 3342 4231
15000 394 780 866 -1293 1746 1982 2373 2891 3339 4228
17500 392 777 864 1290 1741 1979 2370 2886 3334 4224
20000 391' 775 863 1287 17-17 1975 2366 2883 3330 4219
f 7 "1 	 i 	 i ,1 C1 (^ i •-7 .`. A (, ' 1 n n i ._ ^ n 1 ( ^' ^c .^ n 7 ^'T rf (? ^. ^ 1	 '1'.
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TABLE 10.. HELIUM-NUCLEUS ABSORPTION CROSS SECTION ♦ MB
ENERGY HE C' 0 AL A FE BR AG BA PB
MEV%AMU
100 269 487 519 778 1054 1153 1348 1635 1875 2335
125 252 464 498 747 1013 1115 1310 1590 1827 2283
_	 150 244 453 487 733 993 1097 1291 1569 1804 2257
175 236 443 478 719 975 1080 1274 1549 1781 2234
200 230 434 470 707 959 1066 1259 1532 1763 2214
225 225 427 464 698 947 1054 1248 1519 1749 2198
250 221 422 459 691 938 1046 1239 1509 1738 2186
275 219 419 456 687 932 1041 1234 1502 1731 2179
300 218 418 455 685 930 1038 1231 1499 1728 2176
350 218 418 455 686 930 1039 1232 1500 1729 2177
400 221 422 458 690 936 1045 1238 1507 1736 2185j	 500 234 440 476 714 968 1075 1269 1543 1775 2226
600 246 456 491 736 9S6 1101 1296 1574 1808 2263
'	 700 252 465 499 748 1011 1116 1311 1591 1827 2284
800 257 471 505 756 1022 1126 1322 1603 1840 2298
900 260 476 510 762 1030 1134 1329 1612 1850 2309
1000 263 479 513 766 1036 1139 1335 1619 1857 2316
1250 266 483 517 772 1042 1145 1342 1626 1865 2325
1500 267 485 520 774 1045 1149 1346 1630 1869 2330
1750 269 487 522 777 11047 1151 1349 1633 1873 2334
2000 270 488 523 778 1048 1153 1351 1636 1875 2337
2500 270 489 524• 778 1048 1153 1351 1636 1876 2338
3000 269 488 523 777 1046 1152 1350 1634 1873 2335
3500 268 487 522 775 1043 1150 1348 1632 1871 2333
4000 267 486 521 774 1042 1148 1346 1630 1869 2331
5000 267 485 52.1 773 1040 1146 1345 1628 1867 2328
6000 266 483 519 771 1038 .1144 1343 1625 1864 2325
7000 265 482 518 769 1035 1142 .1340 1623 1861 2322
8000 264 481 517 768 1033 1141 1339 1621 1859 2320
9000 264 481 517 768 1033 1141 1339 1621 1859 2320
10000 264 481 518 768 1033 1141 1339 1621 1860 2321
12500 265- 483 519 769 1034 1142 1341 1623 1862 2323
15000 266 483 520 770 1034 1143 1343 1624 1863 2325
17500 266 483 521 770 1034 1143 1343 1624 1863 2325
20000 265' 483 521 770 1033 1143 1343 1624 1863 2325
22500 266 484 522 770 1033 1143 1343 1625 1063 2326
k
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V	 • TABLE 11. — CARBON—NUCLFUS TOTAL CRCSS SECTION,	 MS r	 ~-=—^--^
ENERGY HE C 0 AL A EE BR AG BA PB
MEV/AMU
100 880 1441 1523 2150 2802 3029 3480 4130 4671 5697
125 848 1402 1487 2099 2736 2969 3420 4062• 4598 5619
150 830 1379 1466 2071 2699 293.5 3386 4023 4556 5574
175 797 1338 1428 2019 2633 2873 3323 3951 4479 5491
200 753 1283 1376 1950 2546 2791 3239 3856 4378 5381
225 726 1251 1346 1909 2.494 2742 3189 3800 4317 5316	 —°
250 705 1224 1321 1876 2452 2702 3148 3754 4268 5263
275 686 1201 1299 1846 2416 2667 3112 3713 4224 5215
300 674 1187 125 1828 2393 2645 3089 3688 4197 5186
350 664 1175 1274 1813 2374 2628 3071 3667 4175 5162
400 663 1173 1272 1811 2372 2625 3068 3664 4171 5158
500 692 1209 1306 .1857 2430 2680 3124 3727 4239 5231
i
600 722 1247 1341 1904 2489 2736 3181 3792 4309 5306
• 700 739 1267 1361 1930 2522 2767 3213 3828 4347 5348
800 752 1284 1377 X951 2547 2792 3239 3857 4378 5382
900 762 1297 1390 1967 2568 2812 3260 3880 4403 5408
1000 770 1307 1400; 1980 2584 2827, 3276 3898 4422 5429
1 250 784 1325 1418 2002 2610 2853 3303 3928 4454 5465
1500 792 1335 1428 2014 2624 2868 3319 3945 4473 5485
1750 797 1342 1435 2023 2634 2878 3330 3958 4486 5500
2000 802 1348 1442 2030 2642 2887 3340 3969 4498 5513
2500 805 1352 1447• 2036 2648 2894 3347 3976 4505 5522
3000 804 1351 1446 2034 2645 2892 3346 3974 4.503 5520
3500 802 1349 1444 2031 2641 2888 3343 3970 4499 5516
4000 799 1346 1441 2027 2635 2884 3338 3965 4493 5509
5000 796 1341 1437 2022 2629 2877 3331 3958 4486 5501	 j
6000 792 1337 1433 2016 2622 2871 3325 3950 4478 5493
7000 788 1332 1429 2010 2614 2863 3317 3941 4468 5483
8000 785 1328 1425 2005 2608 2857 3311 3935 4461 5475
9000 783 1326 1423 2002 2604 2854 3308 3931 4457 5471
10000 782 1325 14'23 2001 2602 2853 3307 39,29 4455 5469
12500 780 1324 1422 1999 2599 2851 3306 3928 4454 5467
E 15000 779 1323 .1422 1998 2596 2849 3305 3926 4452 5466
17500 777 1321 1421 1995 2592 2.846 3302 3923 4448 5462
20000 775 '1319 1429 1993 2588 2843 3299 3919 4444 5458
M1 22 -774 zg92 _-' ^n°, ,x, ^1 r--7
ENERGY	 HE
MEV/AMU'
100 486
125 464
150 453
175 442
200 434
225 427
250 422
275 419
300 417
350 418
400 421
500 439
600 455
700 464
800 471
900 475
1000 479
1250 483
1500 485
1750 487
2000 488
2500 488
3000 487
3500 486
4000 485
5000 484
6000 483
7000 482
8000 481
9000 481
10000 481
12500 482
15000 483
17500 483
20000 483
22500 483
C	 0
778	 814
750	 788
737
	
775
724
	
763
713	 754
705	 746
698
	
740
695
	
737
693	 735
693,	 736
698	 740
720	 761
740	 780
751
	
790
759	 798
765	 8 0*3
769	 807
775	 813
777
	 816
780	 819
781	 820
782	 821
781	 821
779	 819
778	 818
777
	 817
775	 816
774	 814
773
	
813
773	 114
773 814
775 816
776 818
,776 818
776 818
777,. - 910 
AL A FE
1148 1500 1603
1113 1453 1560
1095 1430 1539
1079 1409 1520
1066 1391 1504
1055 1377 1491
1047 1367 1481
1042 1361 1476
1040 .1358 1473
1040 1358 1474
1046 1365 1480
1074 1401 1514
1099 1434 1544
1113 1452 1561
1123 1464 1573
1131 .1474 1581
.1136 .1480 1588
1142 1487 1595
1146 1491 1599
1148 1494 1603
1150 1495 1605
1151 14S5 1605
1149 1493 1604
1148 1490 1601
1146 1488 1599
1144 1486 1598
1143 1484 1595
1140 1481 1593
1139 1479 1591
1139 1479 1591
1140 1479 1592
1141 1480 1594
1142 1481 1595
1143 1481 1595
1143 1480 1595
BR AG BA
1828 2166 2444
1784 2116 2391
1764 2093 2366
1744 2071 2341
1728 2052 2322
1715 2037 2306
1706 2027 2294
1700 2020 2287
1697 2017 2284
1698 2018 2285
1704 2025 2293
1739' 2064 2335
1769 2099 2372
1786 2118 2392
1799 2132 2407
1808 2142 2418
1814 2149 2426
1822 2158 2435
1826 2163 2440
1830 2166 2444
1833 2169 2447
1834 2170 2448
1832 2168 2445
1830 2165 2443
1828 2163 2440
1826 2161 2438
1824 2159 2435
1821 2156 2432
1820 2154 2430
1820 2154 2430
1821 2154 2431
1823 2157 2433
1825 2159 2435
1825 2159 2435
1826 27.59 2435
PB
2964
2907
2880
2854
2833
2816
2804
2796
2 792
2793
2802
2847
2887
	 -
2909
2925
2937
2945
2955
2961
2965
2969
2970
2968
2965
2963
2960
2957
2954
2952
2952
2953
2955
2958
2958
2058
` TABLE 13, — OXYGEN— NUCLEUS TOTAL CROSS SECTION,	 MB
EN'"RGY H£ C 0 AL A FE BR AG BA PB
MEV/AMU
100 954 1526 1594 2252 2946 3153 3591 4268 4819 5849
125 924 1490' 1562 2205 2883 3096 3537 4204 4750 5776
150 907 1469 1544 2179 2847 3065 3505 4167 4710 5734
17`5 876 1430 1509 2130 2783 3006 3447 4100 4638 5657
200 834 1379- 1461 2065 2699 2928 3369 4010 4542 5554
225 809 1348 1433 2026 2649 2882 3322 3957 4485 5493
250 789 1323 1409 1994 2609 2844 3284 3914 4439 5443
275 771 1301 1389 1967 2574 2811 3250 3876 4398 5399
300 759 1287 1376 1949 2552 2791 3229 3852 4373 5372
350 750 1276 1365 1935 2534 2774 3212 3833 4352 5349
400 748 1274 1364 1933 2531 2771 3209 3830 4349 5346
500 776 1309 1396 1977 2588 2824 3262 3890 4413 5415
600 804 1344 1428 2021 2645 2877 3316 3951 4479 5486
700 821 1364 1447 2046 2677 2907 3346 3986 4516 5526
800 833 1380 1462 2066 2703 2931 3371 4014 4546 5558
900 844 1393 1474 2082 2723 2950 3390 4036 4570 5584
1000 852 1403 1484 2095 2738 2965 3406 4053 4588 5604
1250 866 1420 1501 2116 2764 2991 3433 4083 4620 5639
1500 874 1430 1512 2129 2779 3006 3449 4100 4639 5659
1750 880 1438 1520 2138 2789 3017 3461 4114 4652 5675
j	 2000 88.5 1444 1527 2146 2798 3026 3471 4125 4664 5688	 --
`1	 2500 888 1449 1532 .2152 2803 3033 3479 4133 4673 5697
3000 888 1449 1533 2151 2801 3032 3478 4131 4671 5696
3500 886 1447 1531 2148 2757 3029 3475 4128 4668 5693
s	 4000 884 1444 1529 2145 2793 3024 3471 4123 4662 5687
5000 880 1440 1525 2140 2786 3019 3465 4116 4655 5679	 j
6000 877 1436 1521 2135 2780 3012 3459 4109 4648 5671
7000 873 1431 1517 2129 2772 3005 3452 4101 4639 5662
8000 870 1427 1514 2124 2766 3000 3447 4095 4632 5655
9000 868 1426 1512 2122 2762 2997 3444 4092 4629 5652
10000 868 1425 1512 2121 2760 2996 3443 4091 4628 5650
12500 867 1425 1513 . 2120 2758 2995 3443 4090 4627 5650
15000 866 1424 1514 2120 2756 2995 3444 4090 4627 5650
17500 865 1423 1513 2118 2753 2993 3442 4088 4624 5648
20000 863 1421 1512 2116' 2749 2990 3440 4085 4621 5645
22500 863 1421 ;, r)j 2 21 t z i 1 48 2989 3440 4084 4620 5644
TABLE ,14. - OXYGEN-NUCLEUS ABSORPTICN CROSS SECTION, MB
ENERGY HE C 0 AL A FE BR AG ^BA PB
;KIEV/AMU
100 519 816 842 1194 1569 1659 1875 2229 2511 3032
125 498 790 819 1160 1523 1619 1835 2182 '2461 2979
150 488 777 808 1144 1501 1599 1816 2160 2438 2954
'	 175 478 ,765 797 1129 1481 1581 1799 2139 2415 2930
200 470 '755 789 1117 1464 1566 1784 2122 2396 2910
225 464 748 782 1107 1451 1554 1772 2108 2382 2895
250 459 742' 777 1099 1441 1545 1763 2098 2371 2883
275 456 738 774 1095 1435 1540 1758 2092 2364 2876
300 455 737 772- 1093 1432 1537 1756 2089 2361 2873
350 456 737 773 1093 1433 1538 1756 2090 2362 2874
400 459 741 777 1099 1439 1544 1763 2097 2370 2882
500 476~ 763 7S6 1126 1475 1577 1795 2134 2410 2925
600 491 782 813. 1149 1506 1605 1823 2167 2445 2962
'	 700 500 792 823 1163 1523 1621 1839 2185 2464 2983
800 506 800 830 1172 1536 1633 1851 2198 2479 2999
900 510 805 835 1179 1545 1641 1859 2208 2489 3010
1000 514 809 839 1184 1551 1647 1866 2215 2496 3018
1250 518 815 845 1191 1559 1655 1874 2224 2506 3028
1500 520 818 848 1194 1;562 1659 1878 2229 2511 3034
1750 522 821 851 1197 1566 1663 1882 2233 2516 3039
2000 524 822 853 1199 1568 1665 1885 2236 2519 3043
2500 524 823 855 1201 1568 1666 1887 2238 2520 3044
3000 524 823 854 1199 1566 1665 1886 2236 2518 3043
P	 3500 523 821 853 1198 1563 1663 1884 2234 2516 3040
4000 522 820 852 1196 1561 1661 1882 2232 2514 3038
5000 521 819 851 1195 1559 1659 '1881 2230 2512 3036
6000 520 818 850 1193 1557 1657 1879 2227 2509 3033
7000 519 816 849 1191 1554 1655 1876 2225 2506 3030
8000 518 815 848 1190 1553 1654 1875 2223 2504 3028
9000 518 815 849 -1190 1552 1654 1875 2223 2504 3028
10000 518 816 849 1191 1553 1654 1876 2224 2506 3029
12500 520 818 852 1193 1554 1657 1879 2227 2508 3033
15000 521 819 854 1194 1555 1659 1881 2229 2511 3035
17500 521 820 8.54 1195 1555 1659 1882 2230 2511 3036
20000 521 820 855 1195 1555 1659 1883 2?10
' 22500
t
1554 2195
1520 2147
1501 2120
1464 2069
1415 2003
1386 1964
1362 1932
1341 1903
1328 1886
1317 1871
1315 1869
1348 1914
1382 1959
1401 1984
1416 2004
1429 2021
1438 2033
1456 2055
1466 2067
1474 2076
1481 2084
1486 2089
1486 2088
1.484 2086
1481 2082
1478 2077
1474 207:1
1469 2065
1466 2061
1464 • 2058
1464 2057
1464 205E
1465 2055
1464 2053
1463 2051
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TABLE 15.- NITROGEN — NUCLEUS TOTAL CROSS SECTION, MB
4000
5000
6000
7000
8000
k 9000
10000
12500
15000
17500
20000
ix
ENERGY HE C
MEV/AMU
100 914 1480
?.25 884 1442
150 867 1421
175 835 1381
200 793 1328
225 767 1297
250 746 1271
275 728 1249
300 716 1235
350 707 1223
400 705 1222
500 734 1257
0	 AL
763 1293
779 131.3
792 1329
802 1342
810 1352
824 1370
831 1380
837 1387
842 1394
845 1398
845 1397
843 1395
840 1392
837 1388
834 1384
830 1379
827 1375
825 1374
824 1373
823 1372
822 1371
820 1370
819 ` 1368
R1n 11) 17
A
2870
2805
2769
2704
2620
2569
2528
2493
2470
2452
2450
2507
2 564
2597
2622
2643
2658
2684
2698
2708
2717
2722
2.720
2716
2711
2705
2698
2690
2684
2680
EE
3084
3027
2994
2934
2855
2808
2769
2736
2715
2697
2695
2748
2802
2833
2857
2876
2891
2917
2932
2943
2952
2958
2957
295+
29.49
2943
2937
2930
2924
2921
BR
3526
3470
'3437
3377
3297
32.49
3210
3175
3154
3136
3133
3187
3242
32.73
3298
3318
33 34
3361
3376
3388
3398
3406
3405
3402
3397
3391
3385
3378
3372
3370
AG
4190
4125
4087
4018
3927
3873
3829
3789
3765
3745
3742
3804
3866
3901
3929
3952
3969
3999
4016
4029
4040
4045
4046
4043
4038
4031
4024
4015
4009
4006
BA
4736
4665
4625
4551
4453
4395
4348
4306
4280
4258
4255
4321
4388
4425
44:55
4480
4498
4530
4549
4562
4574
4582
4580
4577
4571
4564
4556
4547
4540
4537
PS
5762
5687
5644
5565
5460
5397
5346
5300
5272
5249
5246
5317
5389
5430
5462
5488
5508
5544
5564
5579
5592
5601
5600
5596
5590
5582
5574
5564
5557
5553
5552
5551
5551
5548
5545
el f, I +.
600
700
800
900
1070
1250
1500
1750
2000
2500
_000
3 500
2678 29310 3368 4004 4535
2676 2919 3368 4003 4534
2674 2918 3368 4003 4533
2670 2915 3366 4000 4530
2666 2913 3363 3997 452'7
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TABLE 16. _ NITROGEN-NUCLEUS ABSORPTION CROSS SECTION, MB
ENERGY HE C G AL A FE BR AG BA PB
MFV/AMU
100 501 795 824 1167 1531 1627 1845 2192 2472 2992
1 25 479 768 800 1133 1485 1586 1804 2145 2421 2937
150 469 755 789 1116 1463 1566 1785 2122 2397 2911
175 459 742 778 1101 1443 1547 1766 2100 2374 2887
200 451 732 769 1088 1425 1531 1751 2083 2355 2866
225 444 724 761 1078 1412 1519 1739 2069 2340 2850
250 440 718 756 1070 1402 1510 1730 2058 2329 2838
275 437 715 753 1066 1396 1505 1724 2052 2321 2831
300 435 713 751 1063 1393 .1502 1722 2049 2318 2828
'	 350 436 714 752 1064 1393 1503 1723 2050 2319 2829
400 439 718 756 1069 1400 1509 1729 2057 2327 2837
500 457 739 776 1097 1436 1542 1762 2095 2368 2881
600 472 759 794 1121 1467 1571 1791 2128 2404 2919
700 481 769 804 1135 1485 1588 1808 2147 2424 2941
800 487 777 811 1144 1497 1599 1819 2160 2438 2956
900 491 783 816 1151 1506 1608 1828 2170 2449 2967
1000 495 787 820 1157 1513 1614 1834 2177 2456 2975
1250 499 792 826 1163 1520 1621 1842 2186 2465 2986
1500 501 795 829 1166 1524 1625 1847 2191 2470 2992
t`	 1750 503 798 832 1169 1527 1629 1851 2195 2475 2996
2000 504 799 834 1171 1529 1631 1854 2198 2478 3000
2500 505 800 835. 1172 1529 1632 1855 2199 2479 3001
3.000 504 799 834 1171 1527 1631 1854 2197 2477 2999
3500 503 798 833 1169 1524 1629 1852 2195 2474 2997
4000 502 797 832 1168 1522 1627 1850 2193 2472 299.5
5000 501 796 831 1166 1520 1625 1848 2191 2470 2992
6000 500 794 830 1164 1518 1623 1846 21.88 2467 2989
7000 499 793 829 1163 1515 1620 1844 2186 2464 2986
8000 498 792 828 1161 1513 1619 184.2 2184 2463 2984
9000i 498 792 828 1161 1513 1619 1843 2184 2463 2984
10000 498 792 829 1162 1514 1620 1844 2185 2464 2985
12500 500 794 831 11.64 1515 1622 1.846 2188 2.466 2989
15000 501 795 833 1165 1516 1623 1848 2189 2468 2991
17500 501 796 834 1166 1516 1624 1849 2190 2469 2992
20000 501 796 834 1166 1515 1624 1849 2190 2469 2992
22500 501 797 835 1166 1516 1625 1850 2191 2470 2993
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Fig. 1. Nuclear half-density radius as a function of mass n t nber. Solid
curve is uaed above He `d .. Stars are values below He4 obtained from
assumed Gaussian density. Dots are data tabulated by 11ofstadter
and Collard,
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Fig. 2. Charge skin thickness as a function. of mass number. Solid curve
is used above Hc 4 . Dots are data tabulated by Hofstadtcr and Collard.
2.0
1.0
n 
0	 1	 2 ..	 3	 4	 5	 6
A1/3
Fig. 3 Nuclear skin thickness as a function of mass number.
Solid curve is used in the calculations. Dots are
values determined from the tabulated values of Hofstadter
and Collard.
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; Fig. 4. Neutron-proton total cross section as a function of
laboratory energy.
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Fig. S. Proton-proton total cross section as a function of
laboratory energy.	 k
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Fig. 6. Ratio of real-to-imaginary part of the forward	 x
neutron-proton scat tering amplitude- as a function
	 4
of laboratory energy.
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F ;	 Fig. 7. Ratio of real-to-imaginary part of the ,forward
proton-proton scattering amplitude as a function
of laboratory energy.
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Fig. 8. Neutron-proton scattering slope parameter as a
function of laboratory energy.
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Fig. 10. Nucleon-carbon total cro!
of laboratory energy.
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Fig. 11. Nucleon-carbon absorption Gros
of laboratory energy.
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Fig. 14. Nucleon-copper total cross sectior
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Fig. 1S. Nucleon-copper absorption cross sections as a function
	 '.
of laboratory energy.
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Fig. 16. Neutron-lead total cross section as a function
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Fig. 17. Neutron-lead absorption cross
of laboratory energy.
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